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ntot - total Manning roughness [s ·m−1/3]
N - pore size distribution index [−]
p - Porosity of the soil [−]
pmax,i - Impact pressure that is not exceeded for i% of the waves [Pa]
P - Wetted perimeter of the breach channel [m]
qsb - Volumetric bed load sediment transport [m3 · s ·m−1]
qovertopping - Averaged volume of overtopping [l ·m−1 · s−1]
Q - flow discharge[m3 · s−1]
Qsingle - Volume of sand eroded for a single impact [m3]
Qst - Total volumetric sediment transport [m]
rh - length of the initial breach channel [m]
R - Hydraulic radius [m]
Rd - volume of soil eroded after a single impact event [m3]
Rc - Freeboard [m]
S - shear stress on the shear failure plane [N/m2]
Sp - sand percentage [−]
SQ - backwater level coefficient [−]
Sxx - radiation stress component directed onshore [m/s]
tc - core wash out time [h]
tcf - clay erosion time [h]
td - breach development time [h]
tf - breach formation time [h]
tgf - grass erosion time [h]
ti - breach initiation time [h]
tsf - sand erosion time [h]
tt - total breaching time [h]
Tp - peak period [s]
TR - root tensile strength [N/m2]
Tw - water temperature [0C]
v - depth averaged flow velocity [m · s−1]
vc - flow velocity on the crest [m/s]
vl - flow velocity on the inner slope [m/s]
vs - flow velocity on the outer slope [m/s]
V - total volume of soil including the roots [m3]
VR - volume of roots in soil [m3]
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w - damping effectiveness coefficient [−]
ws - Settling velocity [m · s−1]
W - resistance force on the shear failure plane [N ]
WA - resistance force on side walls of crack [N ]
xsingle - Progress of sand core erosion in x direction for a single impact
xtotal,n - Progress of sand erosion in the direction of waves after n impacts [m]
z0 - Roughness height [m]
zimpact - z-coordinate of the impact point on the dike [m]
zh - elevation of the breach bottom at the breach entrance [m]
zr - wave run-up [m]
zsingle - Height of the vertical cliff [m]
α - outer slope [rad]
αbreach - Angle of initial breach channel [deg]
αce - breach section contraction-expansion coefficient [−]
αimpact - Angle of impact [deg]
β - inner slope [rad]
Γ - stable wave height coefficient [−]
∆ - Relative density of soil particles [−]
∆x - numerical time step [s]
∆t - numerical grid [m]
λi - spatial decay coefficient [l/m]
κ - empirical wave decay coefficient [−]
κi - wave steepness function [−]
φ - Internal friction angle [deg]
ρw - water density [kg/m3]
ρg - number of stems per square meter [−]
ρcw - density of water-soil mixture [kg/m3]
θ - Shields parameter [−]
θw - wave angle with respect to the bottom contours
θr - root angle of shear rotation [deg]
τ0 - bottom shear stress [N/m2]
τ0,cr - critical bottom shear stress [N/m2]
τ0,e - effective shear stress [N/m2]
τij - viscous stress [N/m2]
ξ - Surf similarity parameter [−]
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1 Introduction
1.1 Problem definition and motivations
Sea dikes are of crucial importance in the defence systems of low-lying coastal areas in coun-
tries such as Germany, The Netherlands, Denmark, etc. As the sea dikes breaching induced
by storm surges is regarded as one of the main causes of coastal flood disasters, a reliable
predictions of both initial conditions for the breach occurrence and the breach development
itself are urgently needed.
Until the 19th century the empirical approaches were primarily used for the design of sea
dikes. The highest known water level was used as the basis for the estimation of the design
water level, which results in an inadequate protection level (Pilarczyk, 1998, Oumeraci, 2004).
After the disastrous flood event in The Netherlands in 1953 the overload-based approach was
introduced. In this approach, the design water level is described by extreme storm surge levels
with a given probability of exceedance with other structural requirements prescribed by the
standards, which are in fact different for different countries (D’Eliso, 2007). The probability
of failure for the entire defence line, which is in fact the most important term of flood risk as-
sessment and management is however still unknown (Oumeraci and Kortenhaus, 2002). The
European Community supports currently the research efforts aiming to develop a risk-based
approach for flood defence systems (Oumeraci, 2004). This approach is based on the analysis
of predicted and tolerable risk, where the dike failure represents both (i) the vulnerability of
the flood defence and (ii) the risk pathways, i.e. the way risk sources are transferred to the risk
receptors (see Fig. 1.1)
Figure 1.1: Risk-based approach for the design of flood defence structures (Modified from
Oumeraci, 2004)
The knowledge on the processes of breach initiation and development is crucial for the pre-
diction of the initial conditions at the defence line which are needed to model the flood wave
propagation. Depending on the hydraulic and morphological boundary conditions, one may
distinguish several causes for the initiation and formation of a dike breach. Among the failure
mechanisms, the most important are (TAW,1999a):
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• wave overtopping and overflow, which may lead to the erosion of the shoreward slope
and finally to breach initiation from the landward side
• breaking wave impact, including wave run-up and run-down processes which may lead
to the erosion of the seaward slope and finally to breaching from the seaward side
For the prediction of a dike breach initiated by wave overtopping, a PhD research work was
completed very recently (D’Eliso, 2007). However, as the processes associated with the ini-
tiation of a dike breach from the seaside as well as the breach growth itself are completely
different from those related to wave overtopping, there is also an urgent need for a model to
predict the breach growth initiated from the seaside by breaking wave impact on the outer
slope. The main differences in the processes of breaching initiated from the seaside and from
the landside refer to the loading conditions and the characteristic of the erosion processes.
The loading on the outer slope (breaking wave impact) acts on a very limited area and during
very short, intermittent periods, while the shear stress related to the wave overtopping acts on
the entire inner slope and during longer periods of time. Consequently, the erosion processes
and resulting breaching progress on the seaside is concentrated at the location of the highest
impact pressures while the erosion due to wave overtopping occurs on the entire inner slope.
1.2 Objectives
The primary goal of this research is to develop a computational model for the sea dike breach-
ing initiated by the breaking wave impact on the outer slope. The dike selected for this study
is a typical sea dike made of a sand core protected by a grass-reinforced clay cover. All the
considerations refer to the same cross-section of the dike along the defence line. The descrip-
tion of the dike breaching should account for the most relevant processes, from the breach
initiation until the final breach providing a step towards a complete process-oriented simu-
lation of dike breaching. The model outcomes should include the predicted times of breach
initiation, formation and development, the final breach width and the outflow hydrograph. The
model should be generally based on a deterministic approach, but uncertainty and sensitivity
analyses should also be provided.
1.3 Methodology
The following methodology and the chapters related to the particular parts are pursued:
Based on a detailed review and analysis of the available knowledge on dike breaching, in-
cluding the hydrodynamics, erosion and sediment transport processes (Chapter 2) the detailed
objectives and methodology of the study as shown in Fig. 1.2 will be specified more precisely.
Chapter 3 describes the development of the preliminary model, including the hydrodynamic
and morphodynamic modules. The first results and a tentative validation are also provided.
Chapter 4 provides the description and the results of laboratory experiments that are con-
ducted in order to verify a number of conceptual models to be implemented in the detailed
model.
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Figure 1.2: Overall methodology of the present study
Chapter 5 addresses the assumptions, mathematical formulations and computer implemen-
tation of the detailed model including the first results and a tentative validation.
Chapter 6 provides the information on the uncertainties associated with the model and the
results of the sensitivity analysis.
The summary of the key results and the conclusions including some recommendations for
the future research are given in Chapter 7.
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2 Dike breaching processes and modeling:
state of the art and study specification
The breaching of sea dikes occurs as a result of a complex interaction between fluid and soil
structure. In the case of breaching initiated from the seaside usually the breaching process
begins with the erosion of the grass cover and the underlaying clay layer, followed by the
erosion of the uncovered sand core which leads to the overflow and the final breach. In order
to better understand and predict the processes mentioned above, it is necessary to review the
available knowledge on:
• the processes related to the dike breaching initiated from the seaside (Section 2.1);
• the erosion and instability processes of grass, clay cover and sand core (Section 2.2);
• the sediment transport models which are most appropriate to be implemented in the dike
breaching model (Section 2.3);
• the limitations of the existing breach models (Section 2.4).
The main goal of this review is to define more precisely the objectives, methodology and
procedure of the present study as tentatively formulated in the introducing chapter.
2.1 Causes of breach initiation and loading case considered
Depending on the structure of the sea dike and on the hydraulic and morphological boundary
conditions, one may distinguish several causes for the initiation and formation of a breach
(Fig. 2.1).
Figure 2.1: Causes of breach initiation in sea dikes
The main failure mechanisms which may lead to the breaching of sea dikes are (TAW,1999a):
• erosion and sliding initiated from the landside by wave overtopping and overflow. This
is the subject of the completed PhD - Thesis process by D’Eliso (2007);
• the erosion of seaward slope resulting from breaking wave impacts and the flow induced
by wave run-up and run-down;
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2.1.1 Morphological and hydraulic boundary conditions
A typical North-Sea dike to which the current study applies is made of a sand core protected
by the vegetated clay cover. A typical cross-section is schematically drawn in Fig. 2.2.
Figure 2.2: Simplified example of typical sea dike in Germany (Kortenhaus, 2003)
The materials used for the construction of sea dikes can be briefly characterised as follows:
Sand represents the main construction material (dike body) and is characterised by a loose,
non-cohesive grain structure with a high hydraulic permeability and a relatively high mass
density. The percentage of fine particles should be lower than 5% and the compaction of the
sand should be between 90% and 98% of maximum Proctor density. This high compaction
level provides good settlement and stability properties.
Clay is a cohesive, natural soil consisting of erosion and breakdown products of natural
rocks, that were brought together again by natural processes. The most important properties
of the clay refer to its good erosion resistance and high cohesion. The composition of the clay
is based on the mass percentages of :
• sand: equivalent grain diameter greater than or equal to 63µm and less than 2 mm,
• silt: equivalent grain diameter greater than or equal to 2µm and less than 63µm,
• lutum (argil) – equivalent grain diameter less than 2µm.
Grass - although clay has relatively good erosion resistance, it generally reinforced by a
protective layer made of grass. As shown in Fig. 2.3 a grass cover is composed of clay layer
and herbage being the grass rooted in soil.
Figure 2.3: Structure of a grass cover - principle sketch and a picture of a cross-section
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The very fine hair roots and symbiotic fungal threads due to connections with the finest par-
ticles bonds the soil particles, while the coarser plant roots keep large and smaller aggregates
together in a sort of a network. This network of fine and coarse roots is the main reason, why
the grass cover of a dike is a strong, springy and flexible layer that can deform without tear-
ing. Both effects, i.e. keeping the soil together by the reinforcement made of roots and the
structure of the soil between the roots, contribute to the good erosion resistance of the grass
cover.
More detailed information on the morphological boundary conditions can be found in the
State of the Art Report (Stanczak et al., 2007d)
For the prediction of the dike breaching, the assessment of the hydraulic boundary con-
ditions is also required. The main hydraulic boundary conditions are (i) extreme water levels
and (ii) wave action. Those two conditions are directly related - as the mean water level rises,
larger waves occur and the dike is subject to stronger wave impact. The water level is subject
to several types of fluctuations that are classified according to their period as follows:
• short-term fluctuations – storm surges, tides, barometric surges, seiches etc.;
• seasonal fluctuations – precipitations, evaporations;
• long-term fluctuations – eustatic sea level variations, isostatic land level emergence and
subsidence, global climate changes
For the dike breaching modelling considered in this study, only the short-term fluctuations are
taken into account. Although some ship-induced waves may occur in navigable areas they are
negligibly small, and the main loading on the sea dikes is represented by the wind-induced
waves. For the conditions at the sea dike toe, a double peaked wave energy spectrum typically
reproduces the natural sea state, but in case when no recorded spectrum is available, the TMA
spectrum is recommended (D’Eliso, 2007).
2.1.2 Breaking wave impact and flow of wave run-up and run-down
The loading on the outer dike slope due to breaking wave impact is essentially described by
(i) the impact pressure and (ii) the flow velocity field associated with the wave run-up and
run-down. A number of possibilities to calculate the impact pressures and flow velocities are
available (see Stanczak et al, 2007d for more detailed description of the selected models):
1. Empirical formulae:
• a selection of formulae derived from (i) field measurements (Grüne, 1988), (ii)
near prototype scale model tests (Führböter and Sparboom, 1988; Führböter and
Sparboom, 1988a) and (iii) small-scale model tests (Stive, 1983) are available for
the calculation of the maximal impact pressures;
• the maximal run-up and run-down velocities as well as the water layer thickness
on the slope can be calculated with the formulae derived after (i) large-scale
(Führböter, 1991) and (ii) small-scale tests (Schüttrumpf and Oumeraci, 2005;
Neelamani 2003)
2. Numerical models:
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• both impact pressures and flow field on the outer slope may be calculated with one
of the available models solving the Reynolds-averaged Navier-Stokes equation
with the Volume-of-Fluid method (RANS-VOF). The models of Doorn and van
Gent (2003), Troch et al (2003), Thao and Shibayama (2006) or Liu and Lin (1997)
can be referred to.
The above listed empirical models for the calculation of impact pressures and the flow velocity
fields on the outer are significantly simpler than the available numerical models, but the latter
are more generic. However, the numerical models, which provide a detailed description of
the involved processes, are subject to very high computational effort. Nevertheless, currently
the RANS-VOF models are considered to be the most efficient tool for the calculation of the
loading on the dike slope.
During the breaching initiated from the seaside also the overflow may occur. For the cal-
culation of the flow discharge and velocity during overflow either broad-crest weir formulae
(D’Eliso, 2007) or Saint-Venant equations (Tuan, 2007) can be applied.
2.1.3 Infiltration
The erosion properties of the grass and clay revetment strongly depend on the water content
in the soil, which in turn is a function of the water infiltration. Three main factors influence
the water infiltration into the dike:
• mean water level;
• wave action (wave set-up, run-up and overtopping);
• rain.
For the dike breaching initiated from the seaside the water infiltration resulting from the high
mean water level plays the crucial role. The progress of infiltration is usually horizontal and is
strongly influenced by the presence of cracks and fissures in the clay revetment. The influence
of the rain as well as infiltration due to wave overtopping are of a negligible importance for
dike breaching initiated from the seaside and will therefore not be addressed in the present
study. The infiltration due to rain can however be indirectly incorporated in the calculation
during the estimation of the initial water content.
Two methods for the calculation of water infiltration are available:
• numerical solution of Richards equations (Richards, 1931) with the means of Finite
Element Models (FEM). The available models combine the Darcy’s law with the equa-
tions of water conservation in porous media. They provide a complete description of the
infiltration processes, but are very expensive in the terms of numerical effort.
• simplified models are usually based on the laboratory tests and enable one to calculate
the saturated and infiltration water fronts in the dike (Wang, 2000; Wang et al, 2003)
2.1.4 Implications for the present study
Both empirical and numerical models for the calculation of breaking wave impacts and the
flow fields associated with run-up and run-down on the seaward slope of the dike referred
to in Section 2.1.2 are only two-dimensional thus resulting in the limitation of erosion sim-
ulation for the two-dimensional domain. As a consequence, a reliable method to apply the
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obtained two-dimensional results in a possibly three-dimensional dike breaching model has
to be found. The same concerns the water infiltration models which are either one- or two-
dimensional. Empirically based models are recommended for the preliminary model, as the
computational effort should be kept low. On the other hand, the application of numerical mod-
els is recommended for the detailed model.
2.2 Erosion and mass instability processes and models
Erosion and instability processes occurring simultaneously or subsequently may result in a
dike breaching. For a dike breaching initiated from the seaside, one may distinguish the fol-
lowing processes:
• grass erosion (Fig.2.4a and Section 2.2.2);
• clay erosion, including the shear failure in water-filled cracks and clay undermining
(Figs. 2.4b and 2.4c and Section 2.2.3);
• erosion and washing-out of the sand core, including the mass instability (Figs. 2.4d,
2.4e and 2.4f and Section 2.2.5).
Figure 2.4: Dike breaching processes and phases
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The total time of dike breaching can be given as a sum of the following phases (Fig. 2.5):
• Time of grass failure tgf - time between the incipient erosion end the time of grass
failure expressed in terms of erosion depth;
• Time of cover failure tcf - time between the incipient erosion end the time when the
revetment fails and the sand core becomes unprotected;
• Time of core failure tsf - time between the incipient erosion end the time when the
erosion reaches the inner slope and the erosion progress becomes irreversible;
• Total breaching time ttb - time between the incipient erosion end the time when the
water level on the landside becomes equal to the one on the seaside;
• Breach initiation time ti - time between the incipient erosion and the initiation of the
breach described in terms of erosion depth on the seaside;
• Breach formation time tf - time between end of the breach initiation and the end of the
breach formation;
• Breach development time td - time between the end of the breach formation and the start
of the erosion of the inner slope;
• Core wash-out time tc - time between the end of the breach development and the time
when the water level on the landside becomes equal to the one on the seaside (final
breach)
Figure 2.5: Phases of a dike breaching to be considered in simulation
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2.2.1 Breach location along the dike route
Coastal dikes generally have a considerable length, so the breaches are difficult to localize.
The prediction of the location that might be subject to a dike breaching is an important infor-
mation in risk assessment related to dike failures. From the quantitative point of view, weaker
points at a given location in the dike increase the probability of breach initiation at that loca-
tion. The most important aspects that influence the probability of breach occurrence are:
• non-uniform grass cover, spots and holes due to burrowing animal activities
• weathered soil with strongly developed soil structure and cracks
• steep bathymetry in the front of a dike
• strong exposure high water level and waves
However, the considerations concerning the breach location along the dike route, although
very important for the risk assessment and management of an entire flood defence system, are
not the subject of this thesis. Therefore, the cross-section and the same loading conditions are
considered along the entire dike route.
2.2.2 Erosion of the grass cover
The erosion of the grass cover is strongly related to the physical properties of the grass. For
typical grass cover that is used in sea-dikes (c.f. Figure 2.3), the vertical succession of the root
network properties, and consequently of the erosion resistance, can briefly be summarised as
follows (TAW, 1999):
• the uppermost layer (so-called stubble) is up to 35mm thick and consists of loose soil
and plant remains; this layer is washed away within short time by the waves.
• immediately below is a layer (top-soil) where the sod is closely rooted; this layer is only
slowly eroded away. This layer is 5 to 50 mm thick
• in the next layer (sub-soil) the number of roots is considerably smaller; this zone is only
attacked after a very long period of wave loading and is between 5 and 10 cm thick,
while further below, the number of roots decreases significantly and the reinforcement
properties of roots become negligible.
The total grass erosion due to waves breaking on the dike slope is a sum of the erosion re-
sulting from two factors: (i) impact pressures directly at the location where the wave hits the
slope and (ii) shear stress induced by the flow associated with the wave run-up and run-down.
A significant amount of knowledge is available on the erosion caused by flow induced shear
stress (Temple et al, 1987, for instance), but no detailed investigations on the process of grass
erosion due to impact pressures were performed. There is therefore a need to investigate this
problem in more details, possibly by means of laboratory experiments. Furthermore, only
a limited amount of information on the total grass erosion due to breaking wave impact is
available (Smith et al, 1994), who performed full-scale tests in order to gain quantitative in-
formation on the wave loading, erosion rate and residual strength of a grass - covered dike
(see Stanczak et al., 2007d) for more detailed information.
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2.2.3 Erosion of the clay cover
The damage of the clay revetment related to the direct action of waves breaking on the dike
slope was investigated during large-scale tests conducted in the Delta Flume and described by
Delft Hydraulics (1992) and in the small scale tests in the LWI wave flume (Geisenhainer and
Kortenhaus, 2006). The former showed that the erosion due to impact pressure of breaking
waves is the main cause of damage from waves of 1 m in clay that is erosion-resistant against
the flow up to flow 8 m/s. Although the main goal of the latter was to investigate the ero-
sion due to wave overtopping, during tests with less wave overtopping severe damages at the
seaward side of the dike occurred. However, due to time technical difficulties additional tests
could not be performed to further test these preliminary observations. A number of erosion
tests (Temple et al, 2003, for instance) under overflow conditions were also performed, show-
ing clear similarities of the erosion mechanisms. Mirstkhoulava (1991) provided the detailed
description of the scouring process of cohesive beds. The initial stage is characterised by loos-
ening and washing away of dispersed particles and aggregates (separates) which consequently
leads to a rougher surface with increased drag and lift forces. Higher pulsating drag and lift
forces increase the vibration and dynamic action on protruding aggregates so that the bonds
between aggregates are destroyed step by step until the aggregate is instantaneously torn out
of the surface and carried away by the flow.
2.2.3.1 Erosion due to impact pressure
For the estimation of the clay erosion due to the flow of wave run-up and run-down the excess
shear approach can be used, similarly as in the case of grass cover erosion. The problem is
more complex in the case of erosion due to a "pure" impact pressure. One may use here the
similarities to the "splash erosion" applied for the calculation of erosion due to the impact
of water mass with known kinetic energy. The empirical model proposed by Woolhiser et al.
(1990) is referred to :
Rd = kd · Ek · e−wh (2.1)
with:
• Rd - volume of soil eroded after a single impact event [m3]
• kd - empirical detachability coefficient [m3/J ]
• Ek - kinetic energy of an impact event [J ]
• w - empirical coefficient representing the effectiveness of a water layer to damp impact
pressures [−]
• h - water layer thickness [m]
It is however necessary to emphasize, that its applicability for the impacts larger than raindrops
was never verified in laboratory experiments.
2.2.3.2 Shear failure due to impact pressure in water-filled cracks
As the clay in a sea dike cover is subject to drying and wetting, changes in water content
occur. The resulting shrinking and expanding of the clay in the unsaturated zone generally
lead to the formation of two types of cracks (TAW,1996):
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• pull-cracks: usually occur when soil shrinks. These cracks are differently oriented ac-
cording to their size - larger shrinkage cracks (up to one meter) are almost always verti-
cal and begin directly at the dike surface, smaller cracks (up to 20cm) may occur in all
directions and can be found in the entire clay layer;
• shear cracks: are generally smaller (up to 20cm) than the pull-cracks and usually oc-
cur in shear areas that are caused by the swelling of clay. Those cracks occur in all
directions.
The impact pressure acting on those cracks, especially the large (0.5m to 1m) pull-cracks that
begin directly at the slope surface, may result in a shear failure and consequently in significant
damage of the clay cover. Moreover, according to the recent study of Berkenbrink et al (2007)
who performed photo-elastic, small-scale tests on cracks in a dike subject to impact pressures
the impact pressure is transmitted not only into the crack walls, but also, to some extent, inside
the dike, through the crack (Fig. 2.6).
Figure 2.6: Impact of a plunging breaker on a crack in a dike - photo-elastic investigation
(Berkenbrink et al, 2007)
The problem of shear failure in cracks subject to impact pressure was theoretically investi-
gated by Führböter (1966) who proposed a conceptual model for the calculation of the shear
failure angle and by Richwien (2002) who developed a simplified, graphical method for the
estimation of shear failure occurrence possibility. More detailed these methods are given by
Stanczak et al. (2007a). Although those conceptual models are widely referred to, they were
never verified experimentally. However, since the model of Richwien (2002) provides only
very general information on the possibility of shear failure, only the model of Führböter (1966)
which provides more detailed information, including shear failure angle, will be referred to in
the present study.
2.2.4 Erosion of the dike core
After the removal of the entire dike revetment, i.e grass and clay cover, the sand core of the
dike becomes unprotected and the last phase of the dike breaching process - sand core erosion -
begins. Due to variable flow conditions, this phase should be divided into two parts: (i) breach
development , i.e. erosion of the front face of the breach due to the repeated action of breaking
waves and (ii) sand wash-out, i.e. breach deepening and widening as a result of the overflow
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and of the instability of the breach side slopes due to scouring erosion. Although currently no
information on the erosion processes of the unprotected dike core is available,the extensive
knowledge of the dune and beach erosion processes can be used to a certain extent. Generally,
two approaches are available: (i) wave impact approach and (ii) beach profile approach.
2.2.4.1 Wave impact approach
The erosion phenomenon is a time-dependant process in which a series of successive waves
attack the front face of the structure. As each individual wave erodes a finite volume of sand,
the volume of soil eroded from a noncohesive dune for a single wave impact is a function
of the impact force, so that the whole process of erosion in the direction of wave action can
be described as a sum resulting from successive single impacts. Two models are referred to:
Overton et al, (1994) and Larson et al, (2004). In both models the volume of soil eroded for a
single wave impact Qsingle is calculated as:
Qsingle = CE · Fimpact (2.2)
with:
• Fimpact - impact force [kN ]
• CE - empirical erosion coefficient [m3/kN ]
Figure 2.7: Wave impact approach - principle sketch
This wave impact approach (Fig. 2.7) is a simple, yet physically based and reliable method
for the prediction of the erosion progress in sand dunes and it was verified against a number
of small-scale wave tank experiments, large-scale tests and field measurements providing sat-
isfactory results. More details on the models of Larson et al (2004) and Overton et al (1994)
as well as on the erosion coefficients for sand are given by Stanczak et al (2007d).
2.2.4.2 Beach profile approach
The second available approach is based on the assumption, that if an earthen structure is
subject to constant wave conditions for a sufficiently long time, it will attain an equilibrium
profile, which dissipates incident wave energy without significant net change in shape. Two
general types of equilibrium profiles - berm profile and bar profile - are observed, depending
on the wave steepness and ratio of wave height to grain size - Fig. 2.8.
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Figure 2.8: Equilibrium profiles
The net cross-shore sediment transport rate q and resulting profile evolution during a storm
surge will then depend on the magnitude of deviation from this equilibrium state and can
generally be calculated as (Larson and Kraus, 1989):
q = K · (D −D∗) (2.3)
where:
• K - transport rate coefficient K [m4/N ]
• D - wave-energy dissipation [Nm/m3/sec]
• D∗ - equilibrium wave-energy dissipation [Nm/m3/sec]
The equilibrium wave-energy dissipation is a determined by sediment grain size, in which a
coarser grain size gives a larger value and a steeper profile slope (Dean, 1977). This approach
was confirmed in a large number of studies (e.g. Larson et al., 1999; Gonzalez et al., 1999).
2.2.5 Wash-out of the sand core
The last phase of the breaching process, i.e. sand core wash-out due to overflow was in-
tensively investigated in the laboratory (Caan, 1996; Coleman et al, 2002; IMPACT, 2004;
Pugh, 1985; Rozov, 2003; Verheij, 2003; Visser, 1998; Geisenhainer and Kortenhaus, 2006,
Tuan, 2007). All laboratory experiments show similar erosion mechanisms, which can be
summarised as follows (see also D’Eliso, 2007 and Stanczak et al, 2007d):
• after the overflow occurs, the breach proceeds vertically, and significantly slower also
laterally. The initial breach channel is usually triangular, but soon after the begin of the
overflow it becomes almost rectangular, with approximately vertical walls;
• when the breach progress reached the (non-erodible) dike base, the lateral erosion be-
comes dominant. The velocity of erosion progress decreases as the flow velocity and
resulting sediment transport rate decrease due to increasing backwater level. The final
breach channel is approximately trapezoidal, with the slopes angle equal to the angle of
repose of the sand;
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Based on the laboratory experiments and on the theoretical considerations, a number of con-
ceptual models which can be used for the calculation of sand core erosion due to the overflow
were developed (Visser, 1998; Hassan, 2002; Rozov, 2003, Tuan, 2007). These however do
not include the superposed action of waves and have to be used with caution. In Stanczak et
al, (2007d) more detailed description of those models is provided.
2.2.6 Implications for the present study
The following can be stated after the analysis of the available knowledge on the processes of
erosion during dike breaching:
• there are no breach initiation models available;
• only very limited knowledge on the grass and clay erosion due to impact pressures is
available, i.e. only one laboratory experiment on the grass erosion due to breaking wave
impact was conducted (Smith et al, 1994), the laboratory experiments on clay erosion
are also rare and poorly reported (Delft Hydraulics, 1992; Geisenheiner and Kortenhaus,
2006);
• despite its crucial importance for the process of dike breaching, shear failure in water
filled cracks was investigated only theoretically, no laboratory experiments were per-
formed to verify the proposed conceptual models;
• the entire process of dike breaching initiated from the seaside was never investigated
experimentally from the breach initiation till the full breach, even in small-scale tests;
• in the case of breach initiated from the seaside, the erosion on the crest and on the
landside can be generally neglected during the front face erosion, it becomes however
dominant in the last phase, i.e. during the core wash-out;
• during transition phase between core erosion and core wash-out overtopping and result-
ing erosion of the landside slope may occur. This phenomenon has to be accounted for.
The same concerns combined wave overtopping and overflow.
• influence of the infiltration and consequently of the water content in the soil on its
erosion resistance and thus erosion processes is generally neglected;
• the grass cover on the outer slope is the most important reinforcement of the sand-
clay dikes. Even if damaged locally, it still protects the remaining part of the dike. The
investigations of the reinforcement properties of grass are lacking and therefore it is
recommended to investigate this problem in more detailed manner.
2.3 Sediment transport processes and models
The eroded soil has to be removed by the flow. Although during the erosion of the outer slope it
might be assumed that the eroded sediments are removed instantaneously , this assumption is
not valid anymore during the wash-out of the sand core, where the sediment transport capacity
of the flow in the breach governs the progress of erosion.
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2.3.1 Sediment transport processes
The progress of erosion under overflow conditions which occurs during the core wash-out is
determined by the sediment transport capacity of the flow. The following, general aspects play
the most important role:
• the bed load determines the bottom evolution, while the suspended load is responsible
for the erosion of breach sides;
• the flow is unsteady, usually super-critical;
• the water properties, especially viscosity, are strongly influenced by the high sediment
concentration;
• combined action of waves and currents is observed;
• non-equilibrium sediment transport conditions prevail (Visser, 1998).
2.3.2 Sediment transport models
A number of sediment transport models are available (Bailard, 1981; Visser, 1998; Yang and
Molinas, 1982; Smart, 1984) but none of them is capable to describe properly the process that
occurs during dike breaching, as they are based on assumptions which are not strictly valid
under breaching conditions (see Stanczak et al, 2007d and D’Eliso, 2007 for more detailed
information):
• the available models are derived for steady sub-critical flows, equilibrium sediment
transport and mild slopes, while during dike breaching the flow is generally super-
critical, non-equilibrium transport conditions prevail, and the slopes are relatively steep;
• the bed transport is described with the median grain size, i.e. single grain size, although
the extensions of single-grain size functions to multiple-grain size is possible, it might
produce unreliable results ;
• most of the models neglect the influence of wave action on the sediment transport.
In laboratory tests (Geisenhainer and Kortenhaus, 2006, for instance) it was however
observed, that the erosion due to overflow can be strongly affected by the additional
action of the waves;
• the available models are validated on open channels;
2.3.3 Implications for the present study
At the moment there are no sediment transport models that can be directly incorporated in
the dike breaching model to be developed. Generally, depending on the specific situation, the
most appropriate model should be selected among the available ones (Table 2.1)
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Model Model type Transport type reference
Yang Equilibrium Total Yang (1979)
Bailard/Bagnold Equilibrium Bed and suspended Bailard (1981)
Smart Equilibrium Bed Smart (1984)
Visser Equilibrium Bed and suspended Visser (1988)
Table 2.1: Selection of the available sediment transport models
2.4 Available breach models
The extensive literature review (Stanczak et al, 2007) has shown that no information was
found on existing process-oriented model of sea dikes breaching initiated from the seaside by
breaking wave impact. There are only a very limited number of simple empirical models that
are used to gain basic information on failure modes in complex systems for the calculation
of flooding probability or lifetime expectation of sea-dikes. All of them provide only a rough
estimation of dike failure time assuming the shape of the scour hole or breach and using
simple empirical equations. Among them, the most important ones are (i) module of dike
erosion and breaching used in Dutch program PC-RING (INFRAM, 1999) and (ii) module of
dike failure initiated from the seaside implemented in Danish model by Laustrup et al (1990).
Considerable amount of information was found on erosion models for sand dunes (Bailard,
1981; Fisher and Overton, 1984; Kriebel and Dean, 1984; Vellinga, 1986; Overton et al, 1989;
Steetzel, 1993; Bosboon et al, 2000; Koster, 2004; Larson et al, 2004; Wang and Kraus, 2005;
Kobayashi et al, 2006, Tuan, 2007) , but only some of them may be used as the part of the
dike breaching model to be developed (see Stanczak et al, 2007d for more details). Table 2.9
provides brief information on the existing models for the simulation of dike and dunes erosion
and breaching, including their most important pro’s and con’s.
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Figure 2.9: Selected breaching models
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2.4.1 Limitations of available breach models
The existing models for the breaching of sea dikes initiated from the seaside are not only
rare but also based on strongly simplified assumptions and therefore subject to numerous
limitations. The most important refer to:
• Breach initiation - none of the existing models takes the problem of breach initiation
under consideration. In all cases, only the residual strength of the grass or clay cover is
calculated with the means of simplified models;
• Structure - a number of models for homogenous sand dunes and coastal barriers are
available (Fisher and Overton, 1984; Steetzel, 1993; Bosboom et al, 2000; Larson and
Kraus, 1989; Kriebel and Dean, 1984; Watanabe, 1988; Tuan, 2007 , for instance).
However, only two, very simplified models (PC-Ring (INFRAM, 1999) and Lautstrup
et al,1990) might be applied for the composite dikes with vegetated clay revetment;
• Reinforcing properties of grass roots - are not investigated in terms of the involved
basic processes, but only arbitrarily assumed based on simple laboratory experiments
(Smith et al, 1994 or Lautstrup et al, 1990) or, more often, fully neglected;
• The influence of soil parameters, including water content and infiltration - in the
existing models it is either included in a very simplified manner (INFRAM, 1999) or
not included at all
• Progress of erosion - the existing models do not simulate the progress of erosion, but
only the time that the revetment can withstand the prescribed loading.
• Breach morphology - is usually assumed based on a simplified geometry instead of
being directly calculated;
• Backwater effect - is fully neglected
• Basic understanding of the processes including the erosion of grass, clay and sand as
well as the formation of the breach is still lacking
• Validation - the models are validated only against the data for sand dunes or using
a limited amount of small-laboratory experiments with grass and clay. No laboratory
experiments or field experiments for real sea dikes are yet available.
Since all the relevant parameters, including sea state, material properties and model parame-
ters are subject to large uncertainties, it is recommended to quantify the uncertainties, when
deterministic models are applied.
2.4.2 Implications for the present study
After the extensive literature study (Stanczak et al, 2007) no existing model for dike breach-
ing initiated from the seaside was found. However, a selection of models that are capable to
partially simulate the processes that occur during dike breaching was made. Although none
of the existing models can be directly applied, some parts of them could form the basis for
further developments and consequently for the implementation in the model to be developed.
This especially concerns the empirical models for grass erosion (Smith et al, 1994), clay ero-
sion (INFRAM, 1999) and front-face sand core erosion (Larson et al, 2004). Furthermore, the
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modules for the simulation of erosion due to overflow that are used in the existing models for
dike breaching simulation initiated from the landside (D’Eliso, 2007, for instance) might be
implemented in the model to be developed. Table 2.2 provides a brief overview on the existing
models and indications of their applicability.
Reference Structure investigated Application area in
new breaching model
Smith et al (1994) Grass revetment of a sea dike Grass erosion
SITES (NRCS, 1997) Vegetated earth spillways Grass and clay erosion
INFRAM (1999) Clay dikes Clay erosion
Larson et al (2004) Sand dunes Core erosion due to wave impact
D’Eliso (2007) Sea dikes Erosion due to overflow
Tuan (2007) Coastal barriers Erosion due to overflow
Table 2.2: Selection of the available breaching and erosion models and indications of their
applicability
2.5 Specification of objectives and methodology
The tentative objectives and methodology formulated in the introducing chapter are specified
below on the basis of the results of the review and analysis of the present knowledge.
2.5.1 Objectives
This work should contribute to the flood risk assessment by (i) improving the prediction of
the warning time and of the initial conditions for the calculation of flood wave propagation
in areas protected by sea dike and (ii) improving the capability of dike failure prediction.
Those main objectives are supposed to be achieved by the means of a model system to be
developed. The prospective model is expected to contribute to the risk-based design of sea-
defence structures.
Based on the results of the literature survey presented in Chapter 2, the general requirements
of the model to be developed are defined as follows:
• Reproduced structure: coastal dike made of a sandy core protected by clay revetment
with grass cover;
• Simulated processes: initiation and development of breaching induced by breaking
wave impact on the outer slope. A description of breach initiation, formation and devel-
opment are included with focus on the processes leading to breach initiation;
• Type of model: process-oriented deterministic model that should serve as a practical
tool for the prediction of breach initiation and development processes;
• Model outcomes: breach evolution in space and time, including information on final
breach width and breaching times as well as outflow hydrograph
• Model uncertainties: sensitivity analysis, reliability analysis
Since the prospective model should primarily serve as a practical prediction tool, attention
should be paid to the validation of the model in order to define the range of accuracy and
applicability of the model.
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2.5.2 Methodology and procedure
Similar to the PhD-Thesis of D’Eliso (2007) a tiered modular modelling approach will be
adopted using a preliminary and a detailed computational model. The detail level of the de-
scription of breaking-wave impact pressures and erosion processes primarily constitutes the
difference between the two models (see Fig. 2.10).
The preliminary model should be based on 2D+2D description of the process and is supposed
to provide a rough, but fast estimation of the breach initiation and growth. The detailed model
will be more demanding in terms of computational effort but it will allow a more reliable
and complete description of the involved processes. Beside the differences associated with the
computational effort and the accuracy of results the preliminary model will need less input
data than the detailed model. Moreover, if both preliminary and detailed models have to be
applied in practice, the former should provide more conservative results then the latter.
Both models are developed based on several modules that are applied sequently:
• Input module:
– Sea state: water level and wave parameters;
– Dike parameters: geometry and material parameters;
– Model parameters - spatial and temporal discretisation.
• Hydrodynamic module:
– Free surface flow: wave action on the outer slope, overflow;
– Infiltration (detailed model only)
• Morphodynamic module:
– Erosion of grass, clay and sand;
– Instability (detailed model only);
– Sediment transport processes.
• Output module:
– Temporal breach progress: time of grass and clay erosion, time of core failure,
total breaching time;
– Geometrical breach parameters: final breach depth and width;
– Outflow hydrograph, peak outflow discharge
The preliminary model is based on simple, mostly empirically based formulae. Therefore,
less input data than for the detailed model will be required. Possibly, the results should be
more conservative than those of the detailed model. Both requirements are important if the
preliminary model has to be used in engineering practice. The model should: (i) provide a
general view on the breach initiation, formation and development, (ii) help to identify the
problems that might be expected in the development of the detailed model.
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Figure 2.10: Overall approach
The detailed model represents the main goal of this study. This model should be a complete,
but also still practically feasible modelling tool. Among the new aspects that are included, the
most important is the focus on the breach initiation phase. The identification and modelling of
the processes that lead to breach initiation and the breaching process itself are to be performed
in order to obtain reliable results.
The following modelling and working steps are included in the present study:
1. Preliminary hydrodynamic module - only free surface flow will be included. This
module calculates breaking-wave induced impact pressures on the outer slope during
grass, clay and sand erosion. During the core wash-out the overflow in the breach chan-
nel is simulated with steady non-uniform free surface flow equations.
2. Preliminary morphodynamic module - the available grass, clay and sand erosion
models will be combined and implemented. The breach initiates at the location where
simultaneously the loading is the strongest and the grass is the weakest. The shape of
the scour hole in the outer slope will be calculated as a function of the loading, while the
growth of the breach channel will be calculated as a function of the sediment transport
load and assumed constant relationship between breach widening and deepening.
3. Laboratory tests - a number of laboratory experiments on the grass and clay erosion
will be performed by using a wave impact simulator. The focus of the tests should be
on the processes that may lead to the breach initiation. The reinforcement properties of
the grass cover will be quantified and empirical formulae for their estimation will be
proposed. The existing conceptual model for shear failure in water-filled cracks will be
verified and improved. Small-scale tests in the wave flume will also be performed on a
32
dike model in order to gain qualitative knowledge on the entire breaching process, from
the breach initiation till the occurrence of the full breach.
4. Detailed hydrodynamic module - the flow during grass and clay erosion will be sim-
ulated with a RANS-VOF model (Cobras model). For the sand erosion simulation, the
SBeach model and steady non-uniform free surface flow equations will be applied. Fur-
thermore, the calculation of infiltration will be included by applying simplified infiltra-
tion models.
5. Detailed morphodynamic module - completely new formulae derived from the per-
formed laboratory experiments will be used. The new aspects as compared to the pre-
liminary model will include the separate calculation of erosion due to impact pressures
and flow of run-up and run-down, the reinforcement model of grass, the calculation of
shear failure in water-filled cracks, the stability of the revetment on the outer slope. The
sand erosion module will be based on the beach profile model. Furthermore, the possi-
ble erosion of the inner slope due to overtopping and overflow will be accounted for by
applying a model selected among the existing models for dike breaching initiated from
the landside.
6. Model uncertainties and validation - a sensitivity analysis will be performed for the
most uncertain input parameters. An uncertainty analysis will also be performed using a
Monte Carlo simulation for both preliminary and detailed model. The complete model
will tentatively be validated against the same data sets that were used for the validation
of the preliminary model.
33
3 Preliminary model - development and
implementation
The preliminary model for the simulation of dike breaching initiated from the seaside by
breaking wave impact represents the first step of the tiered modelling approach. The main
objective of the preliminary model is to rapidly provide an overview of the entire breaching
process and to identify the most critical processes. The model is modular, primarily including
hydrodynamic and morphodynamic modules. Figure 3.1 shows the structure and the most
important components of the preliminary model.
Figure 3.1: Structure and main components of the preliminary model
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3.1 Mathematical formulation
The dike failures experienced in the past show that the dike breaching process represents
a complex 3D fluid-structure interaction. However, in the preliminary model the simulation
will be limited to 2D process during the first three phases, and to 2D+2D during the last phase,
i.e. sand core wash-out. Further simplifications in the preliminary model may be summarised
as follows:
• the wave run-up and run-down are not simulated;
• the overtopping that eventually might occur is not simulated;
• the infiltration is not accounted for;
• the grass and clay covers are assumed to fail instantaneously, as soon as they fail at one
location;
• during the simulation of the front-face core erosion the shape of the breach is assumed,
not calculated;
• no mixing of materials and consequently no interaction between them is assumed, dur-
ing the entire simulation the soil parameters are kept constant;
• the hydrodynamic and morphodynamic modules are not coupled.
3.2 Input module
For the reliable prediction of the dike breaching process, a careful assessment of the hydraulic
boundary conditions is necessary. The main hydraulic boundary conditions are (i) extreme
water levels and (ii) wave loads. Those two conditions are directly related - as the mean water
level rises, larger waves occur and the dike is subject to higher wave loads.
3.2.1 Hydrodynamic boundary conditions
The information on the mean water level and its variations can be loaded from an input file
that contains the recorded history of a storm surge water level. Depending on the hypothetical
location of the simulated dike, the data can be selected from the available input files that con-
tain information on the typical storm surges that occur at different locations along the coast
line. The mean water level can be also assumed to be constant during the entire breaching pro-
cess. The preliminary model is capable to simulate either regular waves or irregular waves, in
the case of irregular waves the water surface elevations are generated by the model according
to the Rayleigh distribution of wave heights. For the proper simulation, the model needs the
information on the wave height and water depth at the toe of the dike.
3.2.2 Dike geometry
The information on the geometry of the dike is needed for the proper reproduction of the
morphological boundary conditions. Two types of input parameters are distinguished:
35
1. Dike geometry, which should contain information on: (i) dike height Hd, (ii) crest width
BD, (iii) outer (1 : n) and inner (1 : m) slope and (iv) thickness of the grass cover dg
and clay cover dc.
2. Material properties, especially grass and clay erosion coefficient (Eg and Ec, respec-
tively) and mean grain size D50 of the sand constituting the dike core
Additionally, the grid spacing ∆x needs to be defined by the user. The time step during the
front-face erosion is equal to the period of incident wave, but during the calculation of the
overflow it is necessary to define the time step ∆t. There is no allowable minimal grid space
or minimal time step. The model was successfully tested with grid spaced in the range ∆x =
0.05m to ∆x = 2m and time step in the range ∆t = 0.1s to ∆t = 10s.
3.3 Hydrodynamic module
The hydrodynamic module provides essentially the information on the wave loading of the
dike which is then used as input for the morphodynamic module. The main load consists of
the breaking wave impact on the outer slope, but the process of the overflow is also simulated
after the breach has reached the inner slope. In the preliminary model, the simulation of wave
run-up and run-down is not performed, as the effect of the flow related to the wave run-up and
run-down is not explicitly included in the erosion models selected for the implementation in
the preliminary model (see Section 3.4). The simulation of the infiltration is neglected since
no changes in the soil properties resulting from the changes in the water content in the soil are
accounted for.
The flow is simulated in two cases:
1. The flow conditions on the outer slope of the dike, from the toe of the dike up to the crest
are simulated before and during the breach initiation, i.e. until the erosion has reached
the inner slope (Fig. 3.2a and Fig. 3.2b)
2. The flow through the entire dike breach - from the outer up to the inner toe of the dike
- is simulated in the last phase, i.e. after the erosion reached the inner slope, the breach
channel formed and overflow occurred in the breach (Fig. 3.2c)
(a) Before breach initiation - erosion of grass and clay cover
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(b) During breach development - erosion of the sand core
(c) Flow through the dike breach
Figure 3.2: Flow conditions dike breaching simulation
3.3.1 Breaking wave impact on the outer slope
The breaking wave impact on the outer slope represents the main loading on the dike dur-
ing breach initiation and formation. The type of wave breaking is estimated using the non-
dimensional surf similarity parameter ξ (e.g. Battjes, 1974):
ξ =
tanα√
Hs
L0
with L0 =
gT 2m
2pi
for wave spectra
ξ =
tanα√
H
L0
with L0 =
gT 2
2pi
for regular waves (3.1)
where:
• α - outer dike slope [deg]
• H - wave height at the dike toe [m]
• Hs - significant wave height [m]
• L0 - deep water wave length [m]
• T - wave period [s]
• Tm - mean wave period [s]
Table 3.1 provides the information on the types of wave breaking and the criteria of their
occurrence.
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Dike slope 1:n Plunging breaker Collapsing breaker Surging breaker
1:6 ξ < 2.1 2.1 < ξ < 2.8 ξ > 2.8
1:4 ξ < 2.4 2.4 < ξ < 3.1 ξ > 3.1
1:3 ξ < 2.6 2.6 < ξ < 3.3 ξ > 3.3
mean ξ < 2.3 2.3 < ξ < 3.0 ξ > 3.0
Table 3.1: Classificaton of breaking types on sea dikes (Schüttrumpf, 2001)
In terms of dike breaching caused by impact pressures on the outer slope, a plunging breaker
(Fig. 3.3) represents the most crucial type of the wave breaking. The wave energy is dissipated
over a short distance and within a short time, which results in relatively small surfaces exposed
for a very short period of time (0.01 to 0.1 s) to very high impact pressures (up to 150 kPa).
This impact load does not act continuously, but intermittently in time intervals of at least one
wave period (usually longer with predominant impact on the water layer that results from the
wave up and down rush process of the preceding wave). Therefore, the actual loading time
(0.1 to 0.01 s) is small in comparison with the time period between the loads (5-12s). The
wave breaking process is subject to strong variations due to the influence of the entrained air,
so the parameters describing this process have to be described stochastically.
a) In the small LWI-flume b) principle sketch
Figure 3.3: Plunging breaker on a dike slope
The loading on the outer slope is defined by the following parameters:
1. Maximal impact pressures - since the maximum impact pressure represents a stochas-
tic variable, the maximum impact pressure has to be defined more specifically. To indi-
cate the maximum pressure that is not exceeded in i % of the cases, the notation pmax,i
is used. In practice pmax,99.9 is considered as the highest measured maximum impact
pressure.
In the preliminary model, for the calculation of the impact pressure induced by plung-
ing breakers the approach proposed by Zhong (1985) is selected:
pmax,i = κi · ρw · g ·H · tanα (3.2)
with:
• g - acceleration due to gravity [m/s2]
• ρw - density of water [kg/m3]
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• κi - empirical parameter that depends on the deep water wave steepnessH/(gT 2/2pi):
κ50 = −289 · H
g · T 2p
+ 11.2 (3.3)
and:
– κ90 = 1.33 · κ50
– κ99 = 1.67 · κ50
– κ99.9 = 2.5 · κ50
The decrease of the impact pressure on a flatter dike slope is the result of the damp-
ing effect of the water layer resulting from the run-down of the preceding wave. The
thickness of this back-rush water layer increases with flatter slope so that the maximum
pressures decreases proportionally. This was reported by Bölke and Relotius (1974)
and Führböter et al (1976), who presented time series of impact pressures based on si-
multaneous measurements during a storm surge in 1973. The conclusion states that the
number of waves generating impact pressures is much lower for a slope 1:6 than for a
slope 1:4.
2. Location of the impact on the dike slope - is calculated as a function of the surf simi-
larity parameter ξ using the following formula proposed by Schüttrumpf and Oumeraci
(2005):
Zimpact
Hs
= hMWL − 0.8 + 0.6 · tanh(ξ − 2.1) (3.4)
where Zimpact is defined in Fig. 3.4
X
Figure 3.4: Location of the impact on a slope - definition sketch
This empirical formula is associated with a satisfying degree of uncertainty (σ′ = 20%)
and can be applied for both regular waves and irregular waves.
3. Distribution of the impact pressures on the slope - For the preliminary model the
following formula for the impact pressure on an i-th point with given coordinates xi
and zi is used (after Stive, 1983) :
pi =
[
− 2.75
H2
·
(
(zi − zimpact)2 + (xi − ximpact)2
)
+ 1
]
· pmax (3.5)
with:
• xi and zi - coordinates of the i-th point
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• ximpact and zimpact - coordinates of the impact point calculated as (see Fig.3.5):
– zimpact =MWL− Zimpact
– ximpact = zimpact/tanα
Eq. 3.5 provides a negative impact pressure for the distance di between the i-th point
and the point of impact larger than the maximal distance dmax (Fig. 3.5):
Figure 3.5: Impact pressure distribution on the dike slope
To avoid this problem, the following limits for the applicability of Eq.3.5 are introduced
(Fig. 3.5):
di = di for |di| < dmax
di = 0 for |di| ≥ dmax (3.6)
with dmax calculated as: dmax =
H√
2.75
(3.7)
Eqs. 3.5 - 3.7 were derived based on the results of large-scale tests reported by Stive
(1983). This approach is however strongly simplified and gives a deterministic descrip-
tion of the spatial distribution of the impact pressures.
4. Incidence angle of plunging wave impact - the angle of incidence of the breaking
wave plunging on the dike slope (Fig. 3.6) is calculated using the approach proposed by
Führböter (1966). This theoretical formula yields the angle αimpact as a function of the
seaward slope angle α and reads:
αimpact = atan
(
1 + cotα · f(α)
cotα− f(α)
)
(3.8)
with:
f(α) =
√
1 + 2cot2α− 1
cotα
(3.9)
Figure 3.6: Incidence angle of plunging breaker on a dike slope (after Führböter, 1966)
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3.3.2 Flow through the breach channel
After the erosion has reached the inner slope of the dike, the remained part of the dike starts
to be also eroded due to overflow. The flow velocity and depth along the entire dike profile
(see Fig. 3.7 for definitions) are calculated using the equations for steady, non-uniform free
surface flows (∂v/∂t = 0 and ∂v/∂x 6= 0) :
• Continuity equation:
Q = B · h · v = const (3.10)
where Q denotes the flow discharge [m3/s]
• Total flow energy balance (Bernoulli equation):
H = z + h+
v2
2g
;
dH
dx
= −J (3.11)
where H is the total hydraulic head and J its gradient in the flow direction.
The model calculates the discharge at the location of the highest node (xof ) either as a function
of freeboard Rc for wave overtopping (Rc > 0) and combined wave overtopping and overflow
(Rc < 0) or as a function of the overflow head (hof )
a) overflow - cross-section through the breach
b) cross-section of breach at
any location of the dike
c) plan view of breach
Figure 3.7: Overflow - breach channel geometry
The flow depth and velocity are calculated for three loading cases:
a) wave overtopping, when Rc > 0, (Fig. 3.8a);
b) combined wave overtopping and overflow, when h∗ < Rc < 0, (Fig. 3.8b);
c) overflow, after the full breach has been formed, i.e when Rc = h∗, (Fig. 3.8c).
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a) Wave overtopping (Rc > 0)
b) Combined wave overtopping and overflow (h∗ < Rc < 0)
c) Overflow (Rc = h∗)
Figure 3.8: Flow through dike breach - loading cases
3.3.3 Wave overtopping
The model calculates the freeboard Rc as a difference between MWL and elevation of the
highest point of the remaining part of the dike for every time step and applies the appropriate
formula. The averaged volume of wave overtopping is calculated as proposed by Bleck et al.
(2000):
qovertopping =
0.06√
tanα
· ξ · exp(−4.7 RcHs ) ·
√
2gH3s (3.12)
3.3.4 Combined wave overtopping and overflow
Together with the progress of erosion in the x-direction the value of Rc decreases. After it
reached zero, the overtopping becomes combined overtopping and overflow with the average
volume of flow calculated as proposed by Bleck et al. (2000):
qoverflow =
2
3
· 0.473 · ξ ·
√
2 · g ·
(
Rc+ µ(t)
)1.5
(3.13)
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where:
• µ(t) = 1
2
·Hs · sin · 2piTp · t
3.3.5 Overflow
The specific discharge (m3/s · m) through the breach without the effect of the backwater is
calculated with the weir formula of Poleni (D’Eliso, 2007):
q =
2
3
· µover ·
√
2 · g · h1.5of (3.14)
and with Q = q ·Bb
Q =
2
3
· µover ·
√
2 · g · h1.5of ·BB (3.15)
where:
• µover is the discharge coefficient for a broad-crest weir taking the value µover = 1.3/
√
3 ≈
0.75 (Visser, 1998)
• BB is the width of the breach at the location of overflow head (Fig. 3.7)
• hof - overflow head (Fig. 3.7)
The discharge through the breach by considering the effect of the backwater is calculated as
(D’Eliso, 2007):
Qcorr = Q · SQ (3.16)
where SQ is the backwater level coefficient :
SQ =
(
1−
(
hp − Zb
h− Zb
)1.5)0.385
hp > Zb (3.17)
SQ = 1 hp < Zb
where:
• hp - backwater level calculated as the function of discharge through the breach and the
polder area (Fig. 3.8b)
• Zb - elevation of the breach bottom at the breach entrance (Fig. 3.8c)
The flow velocity and depth are calculated with an explicit forward calculation (D’Eliso,
2007):
Hi+1 −Hi
dxi,i+1
= −Ji,i+1 ⇒ zi+1+hi+1+ v
2
i+1
2g
= zi+hi+(1−αce) · v
2
i
2g
−Ji,i+1dxi,i+1 (3.18)
where:
• J - energy slope:
Ji,i+1 =
Ji + Ji+1
2
(3.19)
and using the Manning’s formula:
J =
n2 · v2
R4/3
; n−Manning coefficient (3.20)
where R denotes the hydraulic radius
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• αce - contraction-expansion coefficient for the breach
αce =
(
1− Ωi+1
Ωi
)
· v
2
i+1
2 · g for Ωi+1 ≤ Ωi (3.21)
αce =
(
1− Ωi
Ωi+1
)
· v
2
i+1
2 · g for Ωi+1 > Ωi (3.22)
where Ω denotes the wetted cross-section
3.3.6 Additional simplifications and assumptions
Wave breaking is a very complex natural process, especially in the case of irregular waves.
Some assumptions and simplifications are therefore necessary to simulate this process. The
most important assumptions implied in the hydrodynamic module are as follows:
• a two-dimensional description (plane x-z) is adopted
• each wave is treated as a single event that is independent from the preceding wave,
• no influence of obliquely incident waves is taken into account - only normal wave inci-
dence is considered,
• no calculation of the velocity fields of wave run-up and run-down is performed, since
the morphodynamic module calculates the progress of erosion directly as a function of
wave parameters, not as a function of flow depth and velocity.
3.4 Morphodynamic module
The main purpose of the morphodynamic module is the calculation of the breach profile evo-
lution in time. The information on the loads provided by the hydrodynamic module (Section
3.3) is used as input data for the calculation of breach initiation, formation and development.
The entire breaching process is divided into the following phases (Fig. 3.9) :
Phase 1: - erosion of grass cover, surface erosion of the cover directly subject to the repeated
action of the breaking waves;
Phase 2: - discrete local erosion of the clay cover up to the exposure of the sand core to
the breaking wave impacts;
Phase 3: - discrete erosion of the sand core, cliff formation and development of the hori-
zontal bottom of the breach;
Phase 4 - continuous breach deepening and widening due to erosion during the overflow
The following general assumptions for the preliminary morphodynamic module are made:
• only the erosion of the seaward slope is calculated during Phases 1 and 2, the possible
erosion of the inner slope resulting from the wave overtopping is neglected,
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• during Phases 1 and 2 the shape of the scour hole is calculated as a function of the
pressure distribution on the slope (Fig. 3.5). In Phase 3 the horizontal breach bottom
and vertical cliff are assumed. In Phase 4 the breach profile is calculated according to
the sediment transport model applied for the rectangular channel cross-section (Fig. 3.7)
• no change in the material properties due to mixing of clay and sand occurs, the proper-
ties of sand are considered to be constant during the entire breaching process,
• during Phases 1, 2 and 3 the simulation is performed in two-dimensional plane x-z. In
Phase 4 the simulation becomes 2D+2D (x-z and x-y planes). The initial conditions for
the simulation in x-y plane are assumed based on the observations of historical dike
failures (see Section 3.4.4.1 for more details),
Initial condition: Begin of the storm surge
Loading case: Breaking wave impact
Main assumption: Each wave of the time series
is treated as an independent wave of given height
and length.
Phase 1: Erosion of the grass cover
Erosion: Discrete surface erosion due to repeated
wave action up to the removal of the grass cover -
breach initiation
Leading parameter: Grass erodibility coefficient
Phase 2: Erosion of the clay cover
Erosion: Discrete surface erosion due to repeated
wave action up to the removal of the clay cover
Leading parameter: Clay erodibility coefficient
Phase 3: Sand core erosion
Erosion: Discrete erosion of the sand core, forma-
tion of cliff and horizontal bottom of the breach
Leading parameter: Sand erosion coefficient
Phase 4: Breach deepening and widening
Erosion: Continuous erosion due to overflow ac-
cording to applied sediment transport model
Leading process: Sediment transport
End of simulation: Full breach
Figure 3.9: Phases of dike breach simulation
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3.4.1 Erosion of the grass cover
The grass erosion module is based on the wave impact approach which assumes the total
erosion depth to be the sum of the erosion caused by every single wave impact (Larson et al,
2004). The depth of the soil eroded after a single breaking wave impact is calculated based on
an empirical relationship (Eq. 3.23) of the depth of erosion after a given time period and the
significant height of the waves attacking a dike during this period. The erodibility coefficients
that are needed for the grass erosion simulation are calibrated using the information on the
tests with the grass cover performed by Smith et al. (1994) in the Delta Flume (Fig. 3.10).
Figure 3.10: Laboratory tests on the erosion resistance of the grass cover (Smith et al, 1994)
The maximal depth of erosion dg,max after a single breaking wave impact is then calculated
as a function of a wave height Hs, period Tp and erodibility coefficient for the grass cover
Eg,max:
dg,max = Tp ·H2s · Eg,max,α (3.23)
with:
• dg,max - maximal depth of erosion for a single impact of breaking wave [m]
• Eg,max,α = Eg,max · tanα - grass erosion coefficient [m−1s−1]
As Eq. 3.23 provides information only on the maximal erosion depth , the shape of the scour
hole is calculated based on the proportionality relationship:
dg,max
pmax
=
dg,i
pi
(3.24)
with
• dg,i - depth of erosion at the i-th point,
• pi - pressure at the i-th point (Eq. 3.5 and Fig. 3.5)
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The total erosion depth is than calculated as a sum of erosion due to each single impact:
dg,tot,n =
i=n∑
1
dg,max,i (3.25)
The grass is assumed to fail as soon as the total erosion depth dg,tot,n has reached the critical
erosion depth dg,crit expressed in terms of grass root percentage (see Section 4.3.3 for more
details on the critical erosion depth)
3.4.2 Erosion of the clay cover
Immediately after the grass revetment is removed, the clay cover erosion begins. The follow-
ing formula for the maximal depth of the clay cover erosion subject to a single breaking wave
impact is used:
dc,max = Tp ·H2s · Ec,max,α (3.26)
with
• dc,max - maximal depth of clay erosion for a single impact of breaking wave [m]
• Ec,max,α = Ec,max · tanα - clay erodibility coefficient [m−1]
Eq. 3.26 forms the basis of the clay erosion module. It is derived combining the assumptions
implied in the PC-Ring model (INFRAM, 1999) with the wave-impact approach (Larson et al,
2004). The clay erosion coefficient Ec,max is calibrated using the available information from
other erosion models (INFRAM, 1999) and may vary from Ec,max = 1.4 · 10−4[m−1 · s−1] for
the clay of weak quality toEc,max = 1.2·10−5[m−1·s−1] for the clay of good quality. However,
these values are subject to large variations as the clay cover is a very inhomogeneous material.
Identically as in the case of the grass erosion module (Sec. 3.4.1), the linear dependency of the
erosion depth in i-th point on the impact pressure in the i-th point is assumed (Eq. 3.24). For
every time step, the condition for the phase end (and therefore also the clay cover removal) is
controlled. It is assumed that the clay cover is removed when the erosion depth has reached a
critical depth of erosion dc,crit which is equal to the thickness of the clay cover.
The most important simplifications and assumptions that are made in the clay erosion module
can be summarised as follows:
• although the variability of the erodibility coefficient for the clay cover used in the model
is the result of the laboratory experiments, no cracks along the dike profile are consid-
ered. In fact, clay cover contains a large number of cracks that may lead to additional
damage when subject to impact pressure. However, due to lack of experimental verifi-
cation of the available conceptual models that describe the process of shear failure in
crack, this simulation of this phenomenon will be first included in the detailed model,
after a series of clarifying laboratory experiments will be performed;
• no interaction between the materials is considered, i.e. the clay is assumed to be ho-
mogenous during the entire clay erosion phase;
• the erosion is simulated with no separation between the erosion due to the impact pres-
sures and the erosion due to flow associated with wave run-up and run down since this
is the main assumption of the clay erosion model selected for the application;
• after the local removal of the clay cover the entire revetment is assumed to be removed
and the dike core becomes unprotected.
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3.4.3 Front-face erosion of the sand core
After the removal of the entire revetment, i.e. grass and clay layers, the sand core of the dike
becomes unprotected and the last phase of the simulation - sand core erosion - begins. Due
to variable flow conditions, the entire erosion of sand core consists of two phases: (i) ero-
sion of the front face due to repeated action of breaking waves (this Section) and (ii) breach
deepening and widening after the erosion has reached the inner slope and overflow occurred
(Section 3.4.4). The simulation of erosion during the front-face erosion of sand core is per-
formed based on the wave impact theory and the information on the erosion of sand dunes
(Larson et al, 2004). The applied approach estimates the sediment transport from the sand
core (Qsingle) and associated progress of erosion in the direction of waves (xsingle) for each
single wave that hits the sand core (see Fig. 3.11) as a function of impact force Fimpact. The
total erosion rate is then calculated as a sum of the erosion rate resulting from each single
wave impact.
The governing equation for this phase reads (Larson et al., 2004):
Qsingle = CE · Fimpact (3.27)
with:
• Qsingle - erosion rate of the sand core induced by a single wave impact [m3];
• Fimpact - impact force calculated as a function of impact pressure and impact area [kN ]
(Section 3.3.1)
• Ce - sand erodibility coefficient [m3/kN ]
CE =
2 · CS · CU · ρ2s · (1− p)2
ρw
with: CS = As · e−b
H
D50
where:
• p - soil porosity [-]
• As - non-dimensional empirical coefficient equal As = 1.34 · 10−3
• b - non-dimensional empirical coefficient equal b = 3.19 · 10−4
• CU - non-dimensional empirical coefficient equal CU = 1.83
The progress of erosion in the direction of waves in the i-th time step is calculated as a function
of the eroded volume and height of the cliff as:
xsingle,i =
Qsingle,i
zsingle,i
(3.28)
with:
• zsingle,i = zmax,i − zi - height of the vertical cliff
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Figure 3.11: Wave impact approach for the sand core
Figure 3.12: Definition of the end of Phase 3 (front-face erosion of the sand core)
The total progress of the erosion of the sand core in the x-direction is the sum of the erosion
induced by every impact:
xtotal,n =
n∑
1
xsingle,i (3.29)
The phase ends when the progress of erosion xtotal reaches the critical value xcrit (Fig. 3.12)
The shape of the breach is not calculated as during the grass and clay erosion phases, but
assumed based on the available literature (Laustrup et al, 1990). The bottom of the breach
is horizontal, while the front wall is assumed to be vertical. No scheme for distributing the
eroded sediment on the foreshore is applied. It is only assumed that the eroded soil is trans-
ported offshore by the wave action immediately after the erosion and the deposited sediment
has no influence on the wave breaking.
The following simplifications were already included in the adopted models or were assumed
during the development of the preliminary dike breaching model:
• the mass failure is not simulated directly, but implicitly included in the empirical coef-
ficients of Eq. 3.27
• the shape of the breach is not calculated but assumed based on the model of Lautstrup
et al (1990) - see Fig. 3.8;
• the material of the sand core is assumed to be homogenous, no mixing of materials and
no interaction with clay is accounted for.
49
3.4.4 Breach deepening and widening
After the erosion has reached the inner slope and overflow occurred, the last phase of the sim-
ulation, i.e. breach channel widening and deepening, starts. For the calculation of the changes
in the breach channel shape two approach were selected: (i) the one-dimensional Exner equa-
tion (D’Eliso, 2007) and, alternatively (ii) the volume-averaged approach (Tuan, 2007).
3.4.4.1 Introduction of the third dimension
The erosion of the grass and clay cover as well as the front face erosion of the sand core
are simulated as 2D processes in the x − z plane. However, in order to calculate the breach
widening and deepening it is necessary to introduce the third dimension (y-dimension).
Figure 3.13: Shape of the partial breach at the outer slope of sea dikes
Based on the reported damages of the sea-dikes (Landesamt für Wasserwirtschaft - Schleswig-
Holstein,1962; Zitscher,1962; Wohlenberg,1963; Stephan,1981) and available pictures (exam-
ples in Fig. 3.13) taken after the flood events, the shape of the scour hole in the x − y plane
(Fig 3.14) is assumed.
Figure 3.14: Initial conditions for the 3D modeling - y − z plane
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According to those reports the width of the initial breach BB,ini (Fig. 3.14) is usually in the
range BB,ini = hr to BB,ini = 2hr where hr denotes the height of the initial breach (see Fig.
3.12). During the progress of the erosion, the side walls of the breach are not formed parallel
but the breach remains wider at the seaside. The angle between side walls and x-axis αbreach
can be roughly estimated to be equal αbreach = 200.
3.4.4.2 Energetic approach
Two sediment transport models based on the energetic approach were selected: (i) Bagnold-
Visser sediment transport formula (Visser, 1998) and (ii) Bagnold-Bailard formula (Bailard,
1981). Both formulae were already used for the simulation of dike breaching under overflow
conditions (D’Eliso, 2007). One of the following sediment transport models can be freely
selected by the user. Generally, the two models are similar, but the Bagnold-Visser model is
suggested for use, as it was reported that the Bagnold-Bailard model can provide too high
erosion rate (D’Eliso, 2007).
1. Bagnold-Visser sediment transport formula:
The volumetric bed load transport qsb [m3/s ·m] is calculated as:
qsb =
τ0 · v
ρw · g ·∆ ·
eb
tanφ− tanβ · cosβ (3.30)
qsb ≤ ζ2 · (1− p) ·D50 · v; ζ2 ≈ 2 (3.31)
with:
• ∆ - relative density of soil particles ∆ = (ρs/ρw)− 1
• eb - bed-load efficiency coefficient, eb = 0.13
• φ - internal friction angle [deg]
• τ0 - bed shear stress (see Eq. 3.36)
• β - angle of dike inner slope [0]
• p - soil porosity
• D50 - mean sand size [mm]
• ρw - water density [kg/m3]
The volumetric suspended sediment transport qss [m3/m · s]:
qss =
τ0 · v
ρw · g ·∆ ·
es
ws/v(cosβ)2
(3.32)
with:
• es - suspended load efficiency coefficient, es = 0.01
• ws - settling velocity [m/s]
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The total volumetric sediment transport Qst [m3/s]:
Qst = P · (qsb + qss) (3.33)
with:
• P - wet perimeter of the breach channel [m]
2. Bagnold-Bailard formula:
the volumetric bed-load sediment transport qsb [m3/m · s] is calculated as:
qsb =
τ0 · v
ρw · g ·∆ ·
eb
tanφ− tanβ (3.34)
while the volumetric suspended sediment transport qss [m3/m · s] is calculated as:
qss =
τ0 · v
ρw · g ·∆ ·
es
ws/vcosβ
(3.35)
The bottom shear stress τ0 is a function of the flow characteristics and surface roughness
calculated as:
τ0 = g · ρw · h · J (3.36)
The energy slope J can be calculated by selecting one of the two following formulae which
are implemented in the model:
1. Manning formula:
J =
n2 · v2
R4/3
(3.37)
2. Chezy formula
J =
v2 · Cf
g ·R (3.38)
with:
• Cf - Chezy’s friction coefficient calculated as :
Cf =
0.4
[ln(12R/z0)]2
• z0 - roughness height calculated as:
z0 = 3 · θ ·D90 (3.39)
The Shields parameter θ is calculated as:
θ =
Cf · v2
∆ · g ·D50 for θ ≥ 1 (3.40)
θ = 1 for θ < 1
The roughness height describes the influence of the high concentration of the sediments near
the breach bottom as the viscosity of the water-sediment mixture is significantly larger that
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the viscosity of water (D’Eliso, 2007). When θ is greater than one, the friction coefficient Cf
is calculated iteratively.
The sediment fall velocity ws can be calculated by using one of the following approaches,
which can be freely chosen by the user. The formula of van Rijn (1993) was already imple-
mented in available models of dike breaching due to overflow. The formula of Ahrens (2000)
is suggested for use, as it is much simpler and derived explicitly for coastal areas.
1. Van Rijn formula (Van Rijn, 1993):
ws =
∆ · g · (D50)2
18 · v for 0.001 ≤ D50 ≤ 0.1
ws =
10 · ν
D50
(
(1 + 0.01 ·∆ · g(D50)3 · ν−2)0.5 − 1
)
for 0.1 ≤ D50 ≤ 1
ws = 1.1(∆ · g ·D50)0.5 for D50 > 1 (3.41)
Where the kinematic viscosity of water ν [m2/s] depends on the water temperature
Tw[
0C] and is calculated as (NBS,1975):
ν =
ρw + 1505
2500 · ρw · 10
( 13
10−0.081(20−Tw)−4.3) for 0 < T < 20 (3.42)
ν =
ρw + 1505
2500 · ρw · 10
(
1.33·(20−Tw)
T+104
−3) for 20 < T < 40
2. Ahrens formula (Ahrens, 2000)
ws = C1 · ∆ · g ·D
2
50
ν
+ C2
√
∆ · g ·D50 (3.43)
with:
• C1 = 0.055 · tanh(12 · A−0.59h exp(−0.0004 · Ah))
• C2 = 1.06 · tanh(0.016Ah · A−0.50h exp(−120/Ah))
• Ah = ∆·g·D
3
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ν2
The kinematic viscosity of water ν[m2/s] is calculated as a function of water tempera-
ture Tw[0C]
ν = 10−4(0.0000069 · T 2w − 0.000529 · Tw + 0.0182) (3.44)
The breach growth can be then calculated by the following, one-dimensional Exner equation
(D’Eliso, 2007):
dQst
dx
+ (1− p)dA
dt
= 0 (3.45)
where
• A - breach cross-section
• p - porosity of the soil
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Eq. (3.45) is solved using the following finite difference scheme (D’Eliso, 2007) :
1
2
·
(
Qst,i+1 −Qst,i
∆xi+1,i
+
Qst,i −Qst,i−1
∆xi,i−1
)
+ (1− p) · At−1 − At
∆t
= 0 (3.46)
At−1 = At − ∆t
2 · (1− p) ·
(
Qst,i+1 −Qst,i
∆xi+1,i
+
Qst,i −Qst,i−1
∆xi,i−1
)
(3.47)
where:
• Qst,i - total sediment transport rate for the i-th Section
• Ai - breach cross-section for the i-th Section
• ∆xi - grid space for the i-th Section
• ∆t - time step
At the first and the last section of the dike the following equations are applied (D’Eliso, 2007)
A1,t+1 = A1,t − ∆t
1− p ·
(
Qst,2 −Qst,1
∆x2,1
)
(3.48)
AN,t+1 = AN,t − ∆t
1− p ·
(
Qst,N −Qst,N−1
∆xN,N−1
)
(3.49)
Sections 1, i and N are defined as in Fig. 3.15.
Figure 3.15: Finite difference scheme
The calculation of the change in the breach profile is then performed assuming that the breach
channel is rectangular and the ratio between lateral (db) and vertical (dz) erosion (Fig.3.16)
cdb/dz,b is given. The following equation for the calculation of the vertical erosion is introduced
(D’Eliso, 2007):
dz =
−Bb +
√
B2b + 8cdb/dz,bdA
4cdb/dz,b
(3.50)
the lateral erosion is then calculated as:
db = dz · cdb/dz,b (3.51)
More details and derivations can be found in the original publication (D’Eliso, 2007)
54
Figure 3.16: Breach channel evolution (modified from D’Eliso, 2007)
3.4.4.3 Volume averaged approach
Alternatively to the Bagnold-Visser/Bagnold-Bailard formulae combined with the 1D-Exner
equation, a recent, volume-averaged approach (Tuan, 2007) may used. This approach was
originally developed for the breaching of coastal barriers and is based on the power-law sed-
iment transport model (Nielsen, 1992) and on the application of the empirical breach growth
coefficient Kvl which describes the relationship between lateral and vertical breach growth.
In this approach the total transport rate qs [m3/s ·m] is calculated as (Tuan, 2007):
qs =M(τb − τb,cr)nt (3.52)
with:
• nt - dimensionless transport exponent, of the order of 1.5
• M - transport coefficient [m4/N ], of the order of 1 · 10−7
• τb - bed shear stress, here calculated as:
τb = ρ · g · h · I ≈ ρ · g · h · tanβ (3.53)
• τb,cr - critical bed shear stress, given as:
τb,cr = θcr · ρ · g ·∆ · d50 (3.54)
• θcr - critical Shields parameter [−]
The rate of lateral channel growth is then calculated as a function of the volume averaged
channel width Bv (Tuan, 2007):
Bv =
∫
LbBhc · hcdx∫
Lb hcdx
=
Vc∫
Lb hcdx
(3.55)
where:
• Vc - channel volume [m3] (see Fig. 3.17 for the notation)
• Bhc - depth-averaged width over the channel depth [m]
Bhc = b+
hc
tanγ
(3.56)
where b denotes the width at the channel bottom, hc channel depth and γ the side slope,
which is usually equal the internal friction angle of the sand
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• Bh - depth-averaged width over the water depth [m]:
Bh = b+
h
tanγ
(3.57)
• LB - breach channel length [m]
The increase of the volume-averaged channel width Bv is given as (Tuan, 2007):
(hL +KvlBv) · ∂Bv
∂t
=
(
∂A
∂t
)
LB
(3.58)
where:
• hL - averaged channel depth [m] given as:
hL =
1
LB
∫
L
hcdx (3.59)
• Kvl - non-dimensional channel growth index which defines the relationship between lat-
eral and vertical channel growth. The values obtained from the laboratory experiments
are in the range Kvl = 0.02 to Kvl = 0.2 for overwash. For overflow rather the smaller
values should be used
• A - breach cross-section [m2]
Figure 3.17: Definition sketch for the volume-averaged approach (modified from Tuan, 2007)
Consequently, the updated channel width Bv is calculated as (Tuan, 2007):
Bv(t+ 1) = Bv(t) +
∆t
(1− p) ·
Bv(t)
hL(t) +Kvl(t)Bv(t)
· q
∗
s(t)
LB(t)
(3.60)
where q∗s = (qs,LB−qs,0) denotes the net transport rate over the channel. The updated channel
widths can be now calculated as:
Bhc = Bv − 1
tanγ
· hL − hc (3.61)
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Bh = Bv − 1
tanγ
· hL − h (3.62)
The bed level is then calculated according to the following relationship:
− ∂
∂t
(Bhc · hc) + 1
(1− p) ·
∂(qs ·Bhc)
∂x
= 0 (3.63)
It has to be however emphasised, that although this approach provides fast and relatively good
results, the values of the channel growth index Kvl which is the most crucial parameter of the
calculation were obtained from only one series of laboratory experiments. Therefore, this ap-
proach should be used with caution and further laboratory tests on this topic are recommended
3.4.4.4 Further simplifications and assumptions
For the dike core wash-out simulation the following assumptions are imposed:
• the initial breach shape for the sand wash-out in the x − y plane is assumed based on
the available information on the historical dike breaches
• in the energetic approach, the shape of the cross-section breach channel is assumed to
be rectangular (See Fig. 3.7b)
• the erosion is assumed to be continuous, no mass failure is simulated
• the breach growth index Kvl is constant during the entire simulation
3.4.5 Limitations of the mathematical formulation
The preliminary model is subject to a number of limitations. The most important can be sum-
marised as follows:
• no water infiltration into the dike is simulated, therefore the possible changes in the
erosion resistance of soil that occur due to variations in water content are not accounted
for;
• the erosion processes and breach initiation are oversimplified, no shear failure in cracks
is simulated, which can result in the overestimation of the dike strength and conse-
quently of the clay cover failure time;
• the simulated erosion of grass cover is not progressive but linear. In fact the erosion
resistance of the grass decreases together with the increase of depth which results in the
different course of the erosion progress. However, since erosion resistance applied in
the model represents the mean erosion resistance, this simplification has no significant
influence on the overall results ;
• no separation between erosion due to impact pressures and due to flow is made, since the
selected erosion models are based on the dependency of erosion progress on the wave
parameters, not on the flow properties. This simplifications might lead to unreliable
calculation of the shape of the scour hole and consequently to unreliable prediction of
the boundary conditions for the successive phases;
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• the shape of the breach is calculated only during grass and clay erosion as well as
during overflow. During front face erosion of the sand core the shape of the scour hole
is assumed, not calculated, which can lead to unrealistic assumptions of the boundary
conditions for the simulation of overflow;
• the applied sediment transport models are not strictly valid under breaching conditions,
which can result in unreliable prediction of the breach widening and deepening;
• during overflow no slope stability is calculated, it is assumed that soil from the eventu-
ally collapsed walls is instantaneously transported from the site. Therefore, the possible
decrease of the erosion rate which results from the decrease of the flow velocity caused
by the collapsed soil blocks, is neglected.
• non-erodible dike base is assumed (stable foundation)
3.5 Model implementation
The preliminary model is entirely coded in MatLab v7.0, the flow chart of the model is given
in Figure 3.18, while the sets of equations that are implemented are given in Tab. 3.2. During
each phase, the hydrodynamic and morphodynamic modules are applied iteratively until the
conditions for the end of the phase are fulfilled.
Phase Model (Equation) Reference
Führböter (1966)
Loading cases Wave impact on the slope Eqs. 3.1 - 3.9 Schüttrumpf (2001)
Stive (1984)
Overflow Eqs. 3.14 - 3.44 D’Eliso (2007)
Grass erosion Eqs. 3.23 - 3.24 Smith et al (1994)
Breaching phases Clay erosion Eqs. 3.26 and 3.24 INFRAM (1999)
Core erosion (front face) Eqs. 3.27 - 3.29 Larson et al (2004)
Core erosion Eqs. 3.45 - 3.51 D’Eliso (2007)
(overflow) Eqs.3.52 - 3.63 Tuan(2007)
Table 3.2: Summary of the models implemented in the preliminary model - c.f Fig.2.9
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Figure 3.18: Flow chart of the preliminary model
3.5.1 Computational aspects, results and discussion
After the input data are loaded, the dike geometry is generated. Three regions: seaside, crest
and landside are defined, and the computational nodes are located along the dike profile ac-
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cording to the given grid size. The grid size (∆x) is given as input and although there are no
limitations due to numerical stability, it is recommended to restrict the maximal ∆x to 0.2m
as the breaking wave impacts act locally and on very limited area. The time step ∆t during
grass, clay and front-face core erosion is equal to the period of individual wave. Therefore, the
time step is constant if regular waves are assumed, while it varies for irregular waves. During
the overflow simulation the time step ∆t should be specified by the user.
3.5.1.1 Example application
The model is applied for the simulation of breaching of a prototype sea dike (Fig. 3.19). The
main parameters used for the simulation are provided in Tab. 3.3.
Figure 3.19: Geometry of the prototype dike
INPUT PARAMETER SYMBOL VALUE UNIT
Type of waves Waves Irregular [−]
Significant wave height (at the dike toe) Hs 1.4 [m]
Peak period (at the dike toe) Tp 4.7 [s]
Mean water level (at the dike toe) mwl 6 [m]
Dike height HD 10 [m]
Dike crest BD 2 [m]
Outer slope m 6 [−]
Inner slope n 3 [−]
Thickness of the clay layer dc 1 [m]
Polder area Ap 1000000 [m2]
Grass erosion coefficient Eg,max 2 · 10−6 [m−1s−1]
Clay erosion coefficient Ec,max 8 · 10−5 [m−1s−1]
Sediment size D50 0.2 [mm]
Internal friction angle φ 32 [deg]
Porosity of the sand p 0.4 [−]
Table 3.3: Input parameters for the simulation of breaching
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The main outcomes from the model are given in Table 3.4. The velocity of the erosion
OUTCOME SYMBOL PHASE VALUE UNIT
Time of grass erosion tgf 1 16.03 [h]
Time of clay erosion tcf 2 14.15 [h]
Time of core erosion tsf 3 and 4 5.57 [h]
Total time of dike breaching tt 1,2,3,4 35.75 [h]
Erosion rate in Phase 1 dx/dt 1 0.001 [mm/s]
Erosion rate in Phase 2 dx/dt 2 0.038 [mm/s]
Erosion rate in Phase 3 dx/dt 3 2.211 [mm/s]
Breach widening rate dBB/dt 4 0.007 [m/s]
Peak outflow discharge Qp 4 1367 [m3/s]
Final breach width - maximum BB,max 4 93.26 [m]
Final breach width - minimum BB,min 4 44.24 [m]
Table 3.4: Main outcomes from the model
progress (Fig. 3.20) can be clearly divided into three phases: (i) grass erosion, (ii) clay erosion
and (iii) front-face core erosion. The failure of the sand core develops significantly faster than
the erosion of the revetment - tsf = 0.18 · (tgf + tcf ), while the progress of the cover erosion
is dominated by the grass erosion tgf = 0.52 · (tgf + tcf );
Figure 3.20: Progress of erosion in x-direction
Figure 3.21: Outflow hydrograph
61
Figure 3.22: Shape of the full breach channel - x− y plane
Analyzing the outflow from the breach (Fig. 3.21) it can be clearly seen that after reaching a
certain threshold time the discharge increases rapidly and the process of breaching becomes
nonreversible - when the core erosion reached the point where overflow occurred, the dike is
seriously vulnerable.
The warning time could be therefore defined as the sum of cover failure time and front face
erosion time, but as the overtopping, which could cause an additional damage of the dike is
not accounted for, it is recommended to define the warning time only as the cover failure time.
3.5.2 Tentative validation of the preliminary model
At the moment, no laboratory experiments or field measurements that would be suitable for
the model validation are available. Very limited and usually only qualitative information on the
experienced dike failures initiated from the seaside by breaking wave impact can be found in
the reports made after the disastrous flood events in 1953 in The Netherlands (Rijkswaterstaat,
1961) and 1962 in Germany (Wohlenberg, 1963, for instance). Two cases were selected among
them and are used for the tentative validation of the model prediction capabilities: (i) partial
breach that occurred in Neuwerk (Germany) in 1962 and (ii) full dike breach that was observed
in the Ülversbüller Koog (Germany) in 1962:
• a damage of the dike (Figure 3.23) reported by Führböter et al (1976) which occurred
after the dike was subject to a storm surge in 1962 with Hs = 0.75m. In this case,
the entire grass and clay covers were removed and the dike core was partially dam-
aged (which corresponds to Phase 3 of the simulation). The progress of the erosion was
interrupted by the end of the storm surge.
Figure 3.23: Damage of the sea dike in Neuwerk observed in 1962 (Führböter et al, 1976)
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The obtained results of the simulation are compared with the observed ones (Figure
3.24 and Table 3.5) providing very good agreement ( difference in the range 0-3%) for
the prediction of the breach dimensions and relatively good (difference 35%) for the
prediction of the breaching time.
Figure 3.24: Comparison of calculated and measured damage of the dike
Outcome Observed Calculated Difference [%]
Depth of the eroded hole [m] ≈ 2.0* 2.11 ≈ 3%
Diameter of the eroded hole [m] ≈ 6.0* 6.0 ≈ 0%
Time needed for the damage to occur [h] unknown 13.52 -
* Führböter et al (1976)
Table 3.5: Comparison of the measured and calculated dike damage
• information on the full dike breach in Ülversbüller Koog (Germany) in 1962 (Wohlen-
berg, 1963) was compared with the results provided by the model. Although no infor-
mation on the breach initiation time is provided, based on the records of mean water
level provided by Landesamt für Wasserwirtschaft - Schleswig-Holstein (1962) it can
be assumed that the erosion has reached the crest of the dike about 23 hours after the
begin of the storm surge. In comparison, the time of this erosion progress calculated by
the model is equal to 27h10min which gives pretty fair agreement. The slight difference
is caused by the lack of information on the grass cover quality - for the purposes of the
simulation therefore, the parameters for the grass of moderate quality were used. After
the erosion has reached the inner slope and overflow occurred it took about two hours
to inundate a 105ha (1.05 · 106m2) large polder compared to 3h20min calculated using
the model. Once again the difference is to be explained by the lack of information on
the dike parameters - the mean grain size D50 was therefore assumed to take the value
D50 = 0.2mm for the purposes of the simulation. The calculated dimensions of the full
breach channel fit almost perfectly the measured ones - on the seaside calculated width
BB,calc = 88.2m is comparable with the measured width BB,obs ≈ 80m, while on the
landside BB,calc = 37.6m compared to BB,obs ≈ 35m - see also Figure 3.25 and Table
3.6
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Figure 3.25: Dike breach in the Ülversbüller Koog
Outcome Observed Calculated Difference [%]
Time of breach initiation [h] ≈ 23.0* 27.07 30.4%
Overflow time [h] ≈ 2.0** 3.33 33.6%
Final breach width (min) [m] ≈ 35** 37.6 -7.4%
Final breach width (max) [m] ≈ 80** 88.2 -10.3%
* Landesamt für Wasserwirtschaft - SH (1962); ** Wohlenberg (1963)
Table 3.6: Comparison of the observed and calculated dike breach parameters
3.6 Capabilities and limitations of the preliminary model
The preliminary model represents the first part of the tiered approach for the simulation of
the dike breaching initiated by the breaking wave impact on the outer slope of. The first
application of the model for the simulation of historical dike breaches revealed the following
issues:
• the model predicts the final breach dimensions very good, within 10% of relative error
for both partial and full breaches ( c.f. Tables 3.5 and 3.6). Since the final breach dimen-
sions depend mostly on the applied sediment transport model, it can be stated, that the
selected models for the sediment transport provide reliable results so that they can be
further used in the detailed model. Nevertheless, the application of an alternative model
(Tuan, 2007, for instance) should be at least considered;
• the breaching times provided by the model are generally overestimated, which suggest
that the either soil resistance is overestimated or, that the loading on the dike is under-
estimated. The former may arise from the lack of the water infiltration calculation and
consequently from the disregard of the resulting decrease of the soil erosion resistance.
The latter occurs from the fact that the empirical models for the calculation of loading
are case-specific and therefore not full reliable
The following implications for the development of the detailed models can be therefore drawn
after the analysis of the results provided by the preliminary model:
• the changes in the water content resulting from the water infiltration into the dike and
64
the consequent decrease of the soil resistance has to be necessarily accounted for thus
improving the prediction of the breaching time;
• the empirical hydrodynamic models selected for the application in the preliminary model
should be replaced by the numerical models, which are not case-specific and provide
more reliable results
• the sand-core wash out module of the preliminary model can be directly used in the
detailed model, since the obtained final breach dimensions are satisfactory.
Furthermore, the following issues should be verified based on the results of laboratory exper-
iments:
• the assumed progress of grass erosion is linear, which probably does not fit the reality -
laboratory experiments tests on this subject are however lacking;
• local damage in cracks and fissures in clay layer is neglected, but according to Führböter
(1966) is of crucial importance - clarifying laboratory tests are therefore needed;
The focus of the detailed model should be therefore on the improvement of the above listed
issues. However, before embarking into the development of the detailed model a number of the
clarifying experimental tests on (i) grass reinforcement properties, (ii) gras erosion resistance,
(iii) clay erosion resistance and (iv) shear failure in cracks in clay layer will be performed.
Furthermore, the small-scale experiments will be performed in order to gain at least qualitative
information on the entire breaching process, from the breach initiation till the final breach.
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4 Laboratory experiments on the erosion
and breaching processes
The conceptual models for the surface erosion of the soil due to impact pressures and for the
shear failure in cracks listed in Section 2.2.3 were either verified against limited amount of
data (model of Woolhiser et al, 1990), or even not verified experimentally at all (the model of
Führböter, 1966). In order to validate, calibrate and if necessary also to improve the selected
conceptual models and to gain more knowledge on the processes of grass and clay erosion, a
number of laboratory experiments are performed in the framework of this study. The focus of
the experimental investigations is on the following issues:
1. Prediction of the erosion resistance of clay against impact pressures of breaking waves.
2. Assessment of the effect of the grass cover on the erosion resistance of the clay cover
against breaking wave impact;
3. Estimation of the effect of grass roots on the shear strength of the soil.
4. Verification and if necessary improvement of the conceptual model of Führböter (1966)
on the shear failure in water-filled cracks in a clay layer (see Section 2.2.3.2).
5. Analysis of the entire breaching process, using a small-scale dike model.
Issues 1,2 and 4 will be investigated by means of wave impact simulator, Issue 3 will be
investigated in the soil mechanics laboratory while Issue 5 will be investigated in a wave
flume.
4.1 Experiments on the surface erosion of clay cover
The experiments were performed using the so-called wave impact simulator which was de-
veloped and described by Pachnio (2005) - see Fig. 4.1. The experimental set-up consists of
a vertical pipe that is used to contain the mass of water to be suddenly dropped from a given
height hf . The pipe can be placed in a range of hf = 50cm up to hf = 165cm above the soil
sample. A computer-controlled system fills the pipe with given amount of water (m = 2kg)
and releases the mass using a pneumatic-steered valve. Falling mass of water hits the soil
sample generating an impact pressure. The dependency upon the fall height of pressures at
the surface of the soil sample was measured and described by Pachnio (2005), the values of
the impact pressures and energy are not directly measured but calculated as a function of fall
height hf .
For the purposes of the tests, three samples of clay taken from the following locations in
Lower Saxony are used:
• sea dike in Cäciliengroden
• sea dike in Elisabethgroden, km 9.0
• sea dike in Elisabethgroden, km 3.5
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Figure 4.1: Wave impact simulator
Characteristic value Cäciliengr. Elisabethgr., km 9.0 Elisabethgr., km 3.5
Clay percentage [%] 35 20 10
Silt percentage [%] 53 45 30
Sand percentage Sp [%] 12 35 60
Proctor density [g/cm3] 1.458 1.643 1.835
Infiltration rate ks [m/s] 1.37·10−9 1.22·10−8 3.23·10−6
Plasticity index Ip [-] 0.45 0.2706 0.0649
Undrained cohesion[kPa] 22.6-70.7 18.6-40.0 8.6-24.1
Flow limit wl[-] 0.77 0.41 0.25
Table 4.1: Properties of the three clay types used in the laboratory tests (IGBFT,2001)
The samples of soil used in the tests are evaluated using the Dutch approach for the classifi-
cation of the erosion resistance of clay for dikes (Tab. 4.2).
Category wl[-] Ip[-] Sand content Sp [%]
Category 1: Erosion resistant >0.45 >0.73·(wl-20) <40
Category 2: Moderately erosion resistant <0.45 >0.18 <40
Category 3: Little erosion resistance - <0.18 >40
Table 4.2: Classification of clay for dikes according to the Dutch requirements (TAW,1996)
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The three soil samples used in the tests are therefore classified as:
• Cäciliengroden - wl = 0.77, Ip = 0.45, Sp = 12%⇒ Category 1
• Elisabethgroden, km.9.0 - wl = 0.41, Ip = 0.208, Sp = 35%⇒ Category 2
• Elisabethgroden, km. 3.5 - wl = 0.25, Ip = 0.06, Sp = 60%⇒ Category 3
For every type of clay the experiments are performed applying wide range of impact energies
and using water layer of variable thickness. Tests without water layer are performed as well.
The complete list of all the measured volumes of eroded soil kd[cm3] can be found in the
original publication (Stanczak et al, 2007a). The results obtained from the tests without water
layer are used to calibrate the detachability parameter kd in Eq. 2.1, which is defined as the
mean volume of eroded soil by a unit of energy of a single impact. However, as no linear
dependency of detachability parameter kd on the kinetic energy Ek can be observed after the
tests, an additional parameter kd,p[cm3/kPa] is introduced. This parameter is calculated as
the mean value of soil volume eroded by a unit impact pressure (1kPa) when no water layer is
present. Consequently, taking the damping effectiveness of a water layer into consideration,
the volume of soil eroded by each impact Rd,p[cm3] is calculated as:
Rd,p = pmax · kd,p · e−w·h (4.1)
Based on the experimental results, the detachability coefficients used in Eqs. (2.1) and (4.1)
are obtained in Table 4.3.
Type of the soil kd [cm3/J ] kd,p [cm3/kPa] w [−]
Weak clay 1.17 1.09 0.25
Moderate clay 1.01 0.99 1.0
Strong clay 0.88 0.85 0.1
Table 4.3: Detachability coefficients for the tested types of clay
A clear dependency of the detachability coefficient kd on the type of the soil can be observed
as the value of kd decreases with the increasing quality of the clay. The parameter w that
describes the damping effectiveness of the water layer doesn’t seem to depend on the type of
soil for the tested samples. In the case when the volume of eroded soil is calculated based on
the detachability parameter kd for unit energy, the correlation coefficient R calculated for all
the measurements takes the value Rkd = 0.570 for weak clay, Rkd = 0.812 for moderate clay
and Rkd = 0.31 for strong clay. For the calculations based on the dependency of the volume of
eroded soil on the impact pressure kd,p the correlation coefficient is of the value Rkd,p = 0.742
for weak clay, Rkd,p = 0.842 for moderate clay and Rkd,p = 0.336 for strong clay. This would
suggest that rather the calculations based on the kd,p should be used in further investigations.
The comparison of eroded volume Rd for a unit impact pressure with the mean value of all
measurements performed with given water layer thickness is presented in Fig. 4.2a for weak
clay, Fig. 4.2b for moderate clay and Fig. 4.2c for strong clay.
A relatively good agreement can be observed. For the tests with weak and moderate clay,
quite significant influence of the water layer thickness on the progress of erosion can be re-
ported, while for the good clay the damping effect of the water layer is not so significant.
In Fig. 4.3 the comparison between the volume of eroded soil measured for all performed
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a) Weak clay
b) moderate clay
c) strong clay
Figure 4.2: Volume of eroded clay vs. water layer thickness
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Figure 4.3: Measured volume of eroded soil vs volume calculated using Eq. 2.1
Figure 4.4: Measured volume of eroded soil vs volume calculated using Eq. 4.1
experiments and the values calculated using Eq. 2.1 is presented. In Fig. 4.4 the results of
comparison between measured values and the ones calculated according to Eq. 4.1 are shown.
Based on the above results one may state that (i) rather the formulae based on the maximal
impact pressure should be used than the formula based on the energy of impact, since using the
former provides slightly better results than applying the formula based on the kinetic energy of
the impact. The correlation coefficient R2 for the latter takes the value R2Rd = 0.63 while for
the former R2Rd,p = 0.66. Furthermore, the results of the performed laboratory experiments
show very strong damping effect of the water layer that remains on the dike slope and this
effect has necessarily to be included in the detailed dike breaching model
4.2 Experiments on the shear failure in cracks
4.2.1 Experimental verification of the model by Führböter (1966)
According to the conceptual model proposed by Führböter (1966), if a water-filled crack of
depth a and length Lc is subject to an impact pressure pmax then the pressure is instantly trans-
ferred in the full magnitude to the two side walls of the crack. The force acting on the wall of
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the crack can then be calculated as follows - see also Fig. 4.5:
Fcrack = a · Lc · pmax (4.2)
with:
• Fcrack - force acting on the wall of crack [N ]
• a - depth of crack [m]
• Lc - length of the crack [m]
Figure 4.5: Forces inside a crack subject to an impact pressure (after Führböter,1966)
These forces are absorbed by the compression and the shear strength of the soil behind the
walls of the crack. The shear stress acts on a plane leaning to the surface with an angle α and
provides the following shear force:
S = a · Lc · pmax · cosα (4.3)
the resistance force is provided by the shear strength described by cohesion c only, as the
weight of the soil body is considered by Führböter (1966) to be negligibly small :
W =
a · Lc · c
sinα
(4.4)
Solving the limit state equation S = W for sinα provides the angle of shear failure α :
sinα =
√√√√1
2
±
√
1
4
−
(
c
pmax
)2
(4.5)
which leads to pmax = 2c as the critical impact pressure, i.e. the shear failure occurs for
impact pressures pmax greater or equal to the double of cohesion. This conceptual model
was never verified experimentally, and before implementing it into a dike breaching model, at
least its tentative validation is needed. In order to achieve this goal, the laboratory experiments
are performed using the same experimental set-up as described in Section 4.1. All tests are
performed using the following procedure:
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1. the clay is put into a wooden box with glass windows and compacted;
2. a crack is made in the middle of the sample, at the location where the falling water mass
hits the soil. The crack is 150mm deep, 10mm wide and 100mm long. Figures 4.6 and
4.7 show the side and top views of the crack, respectively;
3. the crack is filled up with water;
Figure 4.6: Artificial crack in the soil sample - side view
Figure 4.7: Artificial crack in the soil sample - top view
Figure 4.8: Mass of water impacting the sample
4. the automatically released mass of water (see Section 4.1) is used to generate an impact
pressure in the crack at the surface of the sample (see Fig. 4.8);
5. After an impact event for which shear failure occurred, a picture of the crack develop-
ment is taken, then the angle of shear failure α (Fig. 4.9) between the failure plane and
the surface of the soil sample is measured
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6. For every single test a soil sample is taken in order to measure the water content wc. This
represents an indirect measurement of the shear strength, as an empirical equations for
the calculation of shear strength depending on the water content for every type of tested
soil are provided (Kortenhaus, 2003):
c = 2550 · e−33·wc [kN ] for the weak clay
c = 2800 · e−20·wc [kN ] for the moderate clay
c = 7230 · e−12·wc [kN ] for the strong clay (4.6)
Figure 4.9: Crack development recorded after an impact - angle of shear failure α
The test procedure was performed for each type of clay applying wide range of impact pres-
sures and soil conditions (see Stanczak et al, 2007a for full test programme). The results of
the laboratory experiments confirmed the conceptual model of Führböter (1966) only partially.
During the experiments the shear failure itself occurs, but the observed process of failure dif-
fers from the predicted one (see Fig. 4.10).
Figure 4.10: Predicted and observed shear failure - principle sketch
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The soil from the scour hole is quarried out in the form of particles and small aggregates
instead of being removed as a single soil block . The measured angle of shear failure αmeas
for every single test run is compared with the value calculated using the model of Führböter
(1966) - Eq. 4.5. The values of maximal impact pressures are here calculated with the formula
of Pachnio (2005) while the cohesion of the soil is calculated as a function of the measured
water content. For all soil samples the measured angle of shear failure αmeas is smaller than
the calculated one (Fig.4.11). That suggests that either the soil cohesion in all the cases is
underestimated or, which is more reasonable, also the neglected forces affect the process of
shear failure. Therefore the model of Führböter (1966) is improved by taking also additional
resisting forces into consideration.
Figure 4.11: Calculated and measured shear failure angle α
4.2.2 Improvement of the Führböter (1966) model
In order to improve the model by Führböter (1966), it is necessary to include also the forces
that were originally neglected i.e. weight of the soil and shear strength at the both sides of the
block (Fig. 4.12).
The weight of the soil block is calculated as:
G = (0.5 · a2 · Lc · γ)/tanα (4.7)
The shear resistance WA on both sides of the block is given as:
WA = A · c = a
2 · c
ctanα
(4.8)
The limit state equation can be now rewritten as:
a · Lc · c
sinα
+ 0.5 · a2 · Lc · ctanα · γ · sinα + a
2 · c
ctanα
= a · Lc · pmax · cosα (4.9)
A comparison between measured angle of shear failure αmeas with values calculated using
Eqs. 4.5 and 4.9 is given in Tab. 4.4 and Fig. 4.13. Taking additional resisting forces into
account, the results are improved from αmeas/αcalc =1.165 in the case of unmodified approach
of Führböter (1966) to αmeas/αcalc=0.971 for approach that includes also the weight of the
block and shear resistance on both sides of the block. The coefficient of variation σ′ is also
getting smaller.
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Figure 4.12: Forces acting on the block of soil
Mean Std.deviation σ′
Approach αmeas/αcalc αmeas/αcalc
Model of Führböter (1966) - Eq. (4.5) 1.165 0.187 0.161
Modified model of Führböter (1966) - Eq. (4.9) 0.971 0.135 0.139
Table 4.4: Comparison of the mean and standard deviation of αmeas/αcalc for the original and
modified approach
Figure 4.13: Comparison of the original and modified approach of Führböter (1966)
The performed laboratory experiments represent the first ever physical verification of the ex-
isting conceptual model of Führböter (1966). Since it was found, that the forces originally
neglected by Führböter (1966) also play an important role, the model was improved. In com-
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parison to the original model, the improved one predicts better the possibility of shear failure
in the cracks, and if a failure occurs, also the angle of shear failure. Therefore, the improved
model should be applied in the detailed clay erosion model thus improving the prediction of
the clay failure time, since the shear failure in the cracks subject to impact pressure of break-
ing waves was recognised as one of the leading failure modes for the clay cover of a sea dike
(Stephan, 1981, for instance).
4.3 Reinforcement properties of the grass roots
Two mechanisms of the grass root reinforcement are subject to investigations:
• increase in the shear strength of the soil (apparent root cohesion), which results in the
improved resistance against the shear failure in cracks and against the revetment sliding;
• chemical and mechanical bonding of the soil particles by the dense network of fine roots
that improves the surface erosion resistance
4.3.1 Laboratory experiments on the root volume ratio
According to Wu et al (1979) the increase in the shear strength of the soil (apparent root
cohesion) due to bonding action of roots can be calculated as:
cr = TR
VR
V
(cosθr · tanφ+ sinθr) (4.10)
with:
• cr - apparent root cohesion [N/m2]
• TR - root tensile strength [N/m2]
• VR - volume of roots in soil [m3]
• V - total volume of soil including the roots [m3]
• θr - root angle of shear rotation [deg]
Figure 4.14: Flexible elastic perpendicular root reinforcement (Wu et al, 1979)
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In order to investigate the influence of the root network on the strength of reinforced soil,
the knowledge of root percentage in the soil sample is needed. The laboratory experiments
to obtain the root volume ratio RV R were performed at the Leichtweiß-Institute using the
following procedure:
1. a sample of the grass cover is extracted from a sea dike ("Alter Störtebeker Deich"
in Leybucht, Lower Saxony, Germany) using a steel pipe of inner diameter of 48mm
inserted perpendicularly to the surface of the dike up to the depth of 20cm;
2. the extracted, cylindrical sample is cut into slices of 2cm thickness. Each slice represents
a given depth under the surface and is used to provide an information on the RV R for
this particular depth;
3. for every single slice the roots are separated from the soil , carefully cleaned with water
and dried in 105◦ C for 24 hours
4. the dry mass of roots mR separated from each single slice is obtained. The density of
dry grass roots γR is known (γR = 300kg/m3 (Young, 2005)). The volume of roots VR
in a single slice is calculated as:
VR =
mR
γR
(4.11)
5. the root volume ratio RVR is calculated as:
RV R =
VR
Vss
· 100 [%] (4.12)
where Vss is the total volume of a single slice, including the roots (Vss = 36.2cm3)
6. the same procedure is repeated 10 times, using samples extracted at different locations
on the dike slope.
The results of all the ten measurements as well as the mean value of root volume ratio for each
depth are presented in Tab. 4.5.
Depth [cm] RVR Mean
2 2.43 0.99 0.96 1.45 0.50 0.77 3.28 1.93 2.15 1.35 1.58
4 1.82 0.50 0.48 0.73 0.26 0.56 0.36 0.71 1.07 0.67 0.72
6 0.91 0.73 0.31 0.31 0.76 0.28 0.17 0.36 0.64 0.99 0.55
8 0.52 0.36 0.15 0.15 0.38 0.36 0.13 0.17 0.31 0.50 0.30
10 0.26 0.86 0.09 0.21 0.07 0.17 0.07 0.09 0.10 0.16 0.21
12 0.03 0.43 0.05 0.10 0.03 0.10 0.01 0.06 0.05 0.08 0.10
14 0.01 0.07 0.01 0.00 0.00 0.05 0.00 0.03 0.13 0.03 0.03
16 0.01 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Table 4.5: Measured root volume ratio for the ten samples taken from the dike.
Fig. 4.15 shows a comparison of root volume distribution measured during the laboratory ex-
periments with the mean distribution measured for 24 Dutch dikes and reported by Sprangers
(1999). Good agreement between these two distributions can be observed. The general form
of the best fit function proposed by Sprangers (1999) that will be used for the purposes of
further tests reads:
RV R = A ·D(d−2) [%] (4.13)
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where A and D are empirical coefficients that depend on the quality of grass cover while
d is the depth under the surface. The coefficients A and D are supposed to have a negative
correlation with the clay quality, as stronger clay prevents the grow of a dense root network.
For the tested samples of grass cover the coefficients are of the value A = 1.58 and D = 0.75
Figure 4.15: Measured root volume ratio for the samples taken from the dike
The second important parameter that describes the quality of the root network is the tensile
strength of the roots. The tensile strength of ten single roots was measured, the obtained val-
ues are in a quite narrow range 300− 800N/cm2, with mean of TR = 500N/cm2.
The information on the grass root distribution gained from the conducted laboratory inves-
tigations is of crucial importance for the estimation of the reinforcement effect of the grass
roots on the clay cover. The root volume ratio RVR is the essential parameter in Eq. 4.10 which
can be now directly applied in the detailed model for the calculation of the shear strength of
grass-reinforced clay layer thus improving the overall estimation of the dike resistance.
4.3.2 Tests with grass cover - shear strength
In order to examine the influence of grass roots on the shear strength of the soil, the knowledge
of the shear strength of the reinforced soil on different depths under the surface of the dike
is needed. To achieve this goal, the direct shear measurements are performed with the shear
plane set to 2,4,6,8 and 10 cm under the surface (Fig. 4.16)
Figure 4.16: Planes of shear strength measurements
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As a comparison, the tests on the sample of the same soil but without a vegetation are
performed. Measured shear strength of the soil τS = 104kN/m2 with σN = 200kN/m2.
Measured internal friction angle of the soil φ = 25.40 and measured cohesion of the soil
cs = 7kN/m
2. All of the tests on grass are performed with σN = 200kN/m2. Summary of
the results is given in Tab. 4.6.
Shear strength [kN/m2]
Test no. Depth d[cm] Clay Clay with roots Apparent root cohesion
1 2 104 198 94
2 4 104 146 42
3 6 104 135 31
4 8 104 128 24
5 10 104 118 14
Table 4.6: Results of the direct shear tests.
In Fig. 4.17 the comparison of measured values with the increase of shear strength of the rein-
forced soil (apparent root cohesion) calculated using Eq. 4.10 by Wu et al (1979) is presented.
Figure 4.17: Measured and calculated increase of shear strength
According to the obtained results it can be stated that there is a good agreement with the root
reinforcement model (Eq.4.10) proposed by Wu et al. (1979). Therefore, it can be applied in
the detailed model for the calculation of shear strength of root reinforced soil with respect to
depth under the slope surface.
4.3.3 Surface erosion of grass-reinforced clay cover
The surface erosion resistance is strongly increased by the bonding properties of the grass
root network (TAW, 1997). As the density of roots depends on the depth under the surface
(cf. Section 4.3.1), the focus of the experimental tests on the erosion resistance performed
for the purposes of this work was on the dependency of erosion resistance on the depth un-
der the surface. The complete test programme and all measured data of these experiments is
summarised in Stanczak et al (2007a). As the soil that formes the substrate of the tested grass
cover is classified as the weak clay, kd,p = 1.09 and w = 0.25 (see Tab. 4.3) will be used
in further considerations. The detachability parameter of the grass cover kd,g,p depends both
on the properties of the soil itself and the percentage of the roots that reinforce the soil body
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(RV R). The following empirical equation based on the results of the experimental tests gives
the dependency of the detachability parameter kd,g,p on the root volume ratio:
kd,g,p =
kd,p
b ·RV R2 [cm
3] (4.14)
where b is the parameter describing the influence of the roots on the erodibility of the grass
cover. It takes the value b = 5 for the best fit function. In Fig. 4.18 the comparison of the
measured values with the ones calculated using Eq. 4.14 is shown. Very good agreement is
observed - the correlation coefficient takes the value of R = 0.963 and the coefficient of
variation CoV = 0.24. At the depth where the RV R = 0.44% the detachability parameter
of the grass cover kd,g,p reaches the value of the detachability parameter of the clay kd,p -
the influence of the roots becomes negligible. This is the critical depth of erosion dcrit. The
detachability parameter for the whole revetment kd,t,p is then calculated as:
kd,t,p =
kd,p
b ·RV R2 for d < dcrit
kd,t,p = kd,p for d > dcrit (4.15)
The same damping effectiveness of the water layer as in the case of clay layer is observed, so
that Eq. 4.1 can be applied also for the grass-reinforced clay layer.
Figure 4.18: Measured and calculated values of the detachability parameter kd,g,p with respect
to the depth under the surface
The results of the conducted laboratory experiments form the basis for the calculation of grass
and clay erosion, taking into account the following processes:
• the erosion of the clay cover that results from the impact pressures of breaking waves;
• the reinforcement effect of the grass roots on the erosion resistance of clay cover;
• the possibility of shear failure in cracks subject to impact pressures;
• the increase of the shear strength of the soil that results from the apparent root cohesion
of the grass cover.
The simulation of the listed processes should necessarily be included in the detailed dike
breaching model thus significantly improving the prediction capabilities of the grass and clay
erosion modules.
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4.4 Dike breaching tests in a small wave flume
In order to analyse the full process of dike breaching, from the initiation till the full breach, a
small scale (1:40) test was performed at the Leichtweiß-Institute using the following set-up:
Figure 4.19: Experimental setup in the small LWI wave flume
The following parameters describe the set-up:
• Regular waves, H=0.06m, T=0.81s
• Water level h=16cm
• Outer slope 1:4, inner slope 1:3
• Dike height 25cm
• Clay layer thickness 3cm
• Grain diameter D50=0.108mm
As clay is not scalable and the sand that was used is also not properly scaled, the experimental
results cannot be evaluated quantitatively. Nevertheless, according to the observations made
during the experiment, the process of breaching can be qualitatively described using the fol-
lowing steps (Fig. 4.20):
First step: Clay cover erodes in the area of
largest impact pressures, almost no erosion
due to flow of wave run-up is observed
Second step: The erosion in the area of
largest impact pressures decelerates due to
damping effect of water pad that remains in
the scour hole, the erosion due to flow of
wave run-up becomes significant
81
Third step: The eroded sediment is
accumulated under the mean water level.
After the sand core has been reached, it is
washed out by the flow of run-up and
run-down. The clay layer that remains
above the washed out soil is still stable.
Fourth step: the undermined clay cover
collapses
Fourth step - continued: the blocks of
cohesive soil that collapsed act as
breakwaters, protecting the remaining parts
of the dike and decelerating the erosion
impact pressures
Fourth step - continued: the erosion
continues, the clay cover is being
continuously undermined and collapses
Fifth step: the clay cover on the inner slope
is undermined
Fifth step - continued: a number of small
holes in the cover on the landside is formed
Fifth step - continued: the cover on the
landside is completely removed
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Sixth step: during the overflow the full
breach is formed
Figure 4.20: Progress of dike erosion and breaching observed in the small LWI flume
The following conclusions and observations made after the laboratory experiments in the
small LWI flume:
• just after the local failure of the clay cover only a small part of the sand core becomes
unprotected, the uncovered core erodes relatively slow.
• the eroded and afterwards deposited clay is mixed with the sand which decelerates the
erosion of the core just after it begins;
• during the sand core erosion, the sand is eroded which undermines the clay cover, but
the cover itself is still stable, it collapses just after a critical depth of undermining is
reached;
• the collapsed parts of the clay cover significantly decelerate the progress of core erosion;
• the eroded sediment that is deposited on the foreland and on the lower part of the slope
influences the process of wave breaking, i.e. the breaking point moves offshore. The
process of beach profile formation is clearly observed;
• no mass failure was observed during the erosion of sand core, the sand is removed
continuously.
Based on the above listed observations, the following implications for the detailed models
arise:
• the observed transition phase between clay and sand core erosion is relatively long, and
consists of surface erosion of the clay cover, erosion of the sand core, undermining and
collapse of the clay cover. All those processes have necessarily to be included in the
detailed model, since the assumption made in the preliminary model, which stated that
the clay cover do not fail instantaneously, does not fit the reality;
• the shape of the scour hole during sand core erosion represents clearly a beach profile,
so that an appropriate beach profile model should be used in the detailed model, instead
of assuming the breach shape as it was done in the preliminary model;
• the eroded sediment that is deposited on the foreland influences the wave breaking pro-
cesses, this phenomenon has to be accounted for in the detailed model.
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5 Development of the detailed model
The detailed model represents the main part of this study. The experience gained from the
preliminary model provides the indications for the improvements and extensions which are
required for the development of the detailed model. Since it is found (Section 3.5.1) that the
time of cover failure constitutes the key parameter needed for the estimation of the warning
time, the focus should be put on the improvement of the grass and clay erosion prediction and
the application of the knowledge on grass and clay erosion which has been gained from the
laboratory experiments described in Chapter 4. Moreover, the detailed model should include
new processes, especially water infiltration and failure in cracks, that were neglected in the
preliminary model. Further improvements are made in the simulation of the processes that
were already included in the preliminary model. This especially concerns the erosion of sand
core, which has been shown to be of crucial importance by the new wave flume tests described
in Section 4.4. The most important improvements made in the detailed model in comparison
to the preliminary model can be summarized as follows:
1. The calculation of the hydraulic loading represents the main task of the improvements
made in the detailed hydrodynamic module:
• The impact forces on the slope, the flow field associated with wave run-up and
run down, including the water layer thickness on the outer slope are calculated
by a numerical model that solves the Reynolds Averaged Navier-Stokes equations
using the Volume-of-Fluid method (RANS-VOF COBRAS model);
• The effect of the water infiltration due to the mean water level and wave run-up is
simulated;
• During the erosion of the front-face of the sand core the complete wave height
distribution and energy dissipation rate are calculated using a numerical model
initially developed for sand dune and beach erosion (SBEACH model);
• During two last breaching phases, i.e. front-face core erosion and core wash-out
wave overtopping as well as combined overtopping and overflow are also ac-
counted for.
2. Although a number of improvements concerning the core erosion are also made, the
focus of the improvements of the detailed morphodynamic module is rather put on
the grass and clay erosion processes:
• Grass and clay erosion is simulated as a sum of the erosion increments induced by
repeated impact pressures and flow associated with wave run-up and run-down;
• The empirical models for grass and clay surface erosion that were developed
through the laboratory experiments described in Chapter 4 are implemented;
• The grass root reinforcement model (Section 4.3.2) is used for the calculation of
the shear strength of the grass cover;
• The shear failure in water-filled cracks in the grass and clay layers is simulated;
• The influence of the water content in the soil on the erosion properties is accounted
for;
• A numerical equilibrium profile model (SBEACH model) is applied for the calcu-
lation of the sand core erosion;
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Figure 5.1: Strategy for the detailed computational model
A more detailed description of the improvements made in the hydrodynamic and morphody-
namic module is given in Section 5.1 and Section 5.2, respectively. Figure 5.1 shows briefly
the flow chart of the detailed model, also indicating the new processes and improvements
(bold and in slightly rounded boxes) as compared to the preliminary model ( Fig.3.1)
5.1 Improvements of the hydrodynamic module
The most important improvements made in the detailed hydrodynamic module compared to
the preliminary model concern the completely new approach for the free surface flow which
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is now calculated by a numerical RANS-VOF model instead of the empirical approach used
in the preliminary model (Section 5.1.1). Furthermore, the simulation of the water infiltration
into the dike is introduced (Section 5.1.2).
5.1.1 Free surface flow - simulation of breaking wave impact and flow
field on the outer slope
Although the empirical models used in the preliminary model are considered to be of sufficient
engineering accuracy for a simple dike geometry, this will certainly not be the case for more
complicated boundary conditions. Therefore, a numerical model COBRAS which is much
more versatile, has been introduced. The COBRAS (COrnell Breaking Wave And Structures)
model is based on the Reynolds Averaged Navier Stokes 2DV equations, with a nonlinear,
three-dimensional k − ε turbulence model . The model was originally developed by NASA
(Kothe et al, 1991), and after modifications made at the Cornell University (Liu and Lin, 1997)
is able to deal with breaking wave impacts. The main features of the model are summarised
as follows:
• A Volume-of-Fluid method is used to track the free surface;
• The equation of motion are solved using two finite difference methods, which signifi-
cantly improves the accuracy of the results;
• Information on pressure, kinetic energy, horizontal and vertical velocities, free surface
configuration, mass conservation is given at the model output providing a complete and
very accurate information on the temporal and spatial distribution of all the essential
parameters that are necessary for the simulation of sea dikes breaching.
5.1.1.1 Numerical formulation of the COBRAS model
The motion of an incompressible fluid is described using the Reynolds Averaged Navier-
Stokes equations:
Continuity:
∂ < ui >
∂xi
= 0 (5.1)
Momentum:
∂ < ui >
∂t
+ < uj >
∂ < ui >
∂xj
= −1
ρ
∂ < p >
∂xi
+ gi +
1
ρ
∂ < τij >
∂xj
(5.2)
with:
• i, j - 1,2,3 - for each of the fluid three dimensions
• ui - i−th component of velocity vector
• gi - i−th component of the gravity acceleration
• τij - viscous stress
• <> - symbol representing time-averaging
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Kinematic boundary condition:
∂ < ρ >
∂t
+ < ui >
∂ < ρ >
∂xi
= 0 (5.3)
k-ε turbulence transport model
∂k
∂t
+ < uj >
∂k
∂xj
=
∂
∂xj
[(
vt
σk
+ v
)
∂k
∂xj
]
− < u′iu′j >
∂ < u′i >
∂xj
− ε (5.4)
∂ε
∂t
+ < uj >
∂ε
∂xj
=
∂
∂xj
[(
vt
σε
+ v
)
∂ε
∂xj
]
+ 2C1ε
ε
k
vtSij
∂ < ui >
∂xj
− C2ε ε
2
k
(5.5)
with:
• k = 1
2
< u′iu
′
i > - turbulent kinetic energy
• ε = v
〈(
∂u′i
∂xk
)2〉
- turbulent dissipation rate
• vt = Cd k2ε - eddy viscosity
where:
• σk = 1.0
• σε = 1.3
• C1ε = 1.44
• C2ε = 1.92
• Cd = 23
(
1
7.4+Smax
)
• Smax = kεmax
(∣∣∣∣∂<ui>∂xi
∣∣∣∣)
Linear closure model for Reynolds stresses - isotropic eddy viscosity
< u′iu
′
j >= −2vtSij +
2
3
kδij (5.6)
VOF function
∂F
∂t
+
∂
∂x
(uF ) +
∂
∂y
(vF ) = 0 (5.7)
where:
• ρ(x, y, t) = F (x, y, t)ρf
• F (x, y, t)ρf is the cell density
Partial cells treatment - obstacle boundaries
∂(θui)
∂xi
= 0
∂(θui)
∂t
+ θuj
∂(θui)
∂xj
=
θ
ρ
∂p
∂xi
+ θgi + θ
∂
∂xj
τij
where:
• θ - relation between the cell surface open to flow and the total cell surface.
The complete description of the COBRAS model can be found in Liu and Lin (1997).
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5.1.1.2 Application of the COBRAS model for the calculation of wave loads on a dike
The COBRAS model provides the complete information on the temporal and spatial distribu-
tion of all the essential parameters that are necessary for the simulation of sea dikes breaching,
including breaking wave impact pressure as well as the velocity and layer thickness of the flow
associated with wave run-up and run-down. However, the latest stable version of the model
(built 250605) has still a number of limitations:
• significant computational effort - the simulation of 1 second of flow requires about 1
hour of CPU time, when a PC computer with two processors running at 2GHz is used
• the model is capable to properly simulate only the regular waves;
• only constant still water level can be assumed
• as one of the model constrains is that the assumed water level has to be equal thorough
the entire computational domain, i.e. on the seaside and on the landside (see also Figure
5.2), the proper simulation of the flow is possible only up to the dike crest. The over-
topping and overflow parameters on the inner slope during the breach widening and
deepening phase have to be calculated by using other available models.
The model was used to simulate wave breaking on the slope. The main input parameters for
the calculation of loading on a prototype dike are listed in Tab. 5.1. The simplest possible
dike profile , i.e. with the horizontal foreland and without berms, was used.
Dike geometry
Dike height Hd [m] Outer slope n [-]
10 6
Incident wave parameters
Wave height H [m] Wave period T [s] Water depth h [m] Surf similarity par. ξ [-]
2.75 7 6 0.88
Numerical parameters
∆x [m] ∆z [m] ∆t [s] tmax [s]
0.2 0.1 0.1 200
Table 5.1: Main inputs for the calculation of the wave loading on the prototype dike
Figure 5.2 shows a series of free surface elevations during the wave breaking on the dike slope
calculated by the model using input data summarized in Tab. 5.1. The pressure distribution,
flow velocity and layer thickness for a single wave impact are shown in Figures 5.3a - 5.3c.
Figures 5.3a and 5.3b provide the comparison between the impact pressures calculated by
the preliminary and detailed model. Both models provide almost the same maximal impact
pressure (44.0kN and 43.8kN for the preliminary and detailed model, respectively). Differ-
ences in the location and shape of the impact area can be however observed - the RANS-VOF
model predicts significantly (63%) smaller impact area that is located about 0.1H lower than
the preliminary model. Since the preliminary model does not calculate the flow velocity and
layer thickness, the comparison of the results provided by the RANS-VOF model cannot be
performed.
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Figure 5.2: Wave breaking simulated by COBRAS - free surface elevation
Figure 5.3: Distribution of impact pressures, velocity and layer thickness on the dike slope
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5.1.2 Simulation of the erosion of the front face of the sand core
The results of the small-scale laboratory tests on the dike breaching (Husrin, 2007, Stanczak
et al, 2007a) show that during the front-face erosion of the sand core rather a beach pro-
file is formed than a vertical cliff with a horizontal bottom as assumed in the preliminary
model. Based on the analysis of the available beach profile models was made (Stanczak et
al, 2007b), the SBEACH model (Storm-induced BEAch CHanges) developed by Larson and
Kraus (1990)) is selected for the application in the detailed model. The main advantages of
the SBEACH model can be briefly summarised as follows:
• the dynamics of macroscale profile change including growth and movement of berms
and breakpoints is reliably simulated;
• breaking waves represent the sole driving force causing sediment transport;
• the possibility of avalanching is accounted for;
• the model is easy to implement and economical to run.
The SBEACH model calculates the wave characteristics across-shore from a specified water
depth offshore (dike outer toe) to the break point using a linear wave theory. Shoreward of
the break point, a generalized form of the wave decay by Dally, Dean and Dalrymple (1984,
1985) is used for the calculation of the wave height distribution across-shore. Assuming the
wave conditions to be uniform alongshore and the bottom contours to be straight and parallel,
the equation for conservation of energy flux incorporating energy dissipation associated with
wave breaking may be written as:
d
dx
(F · cosθw) = κ
h
(F − Fs) (5.8)
where:
• F - incident wave energy flux [N ·m/m · s]
• Fs - wave energy flux corresponding to an equilibrium beach profile [N ·m/m · s]
• θw - wave angle with respect to the bottom contours
• κ - empirical wave decay coefficient, recommended value κ = 0.15
• h - water depth [m]
Energy dissipation that is used for the sediment transport calculation is assumed proportional
to the excess energy flux beyond a stable energy flux below which a wave will not decay. The
incident wave energy flux is given by:
F = E · Cg (5.9)
where:
• E - wave energy density, [Nm/m2]
• Cg - wave group velocity [m/s]
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The wave energy density is written using linear wave theory as:
E =
1
8
· ρ · g ·H2 (5.10)
Wave group speed is a function of wave phase speed C and a factor n
Cg = n · C (5.11)
where:
• n - factor dependant on the water depth and on the local wave length at water depth h:
n =
1
2
·
[
1 +
2pih
L
sinh
(
2pih
L
)] (5.12)
The wave celerity is determined through the dispersion relationship from linear wave theory:
C = C0 · tanh
(
2pih
L
)
(5.13)
where:
• C0 - wave celerity in deep water [m/s]:
C0 =
gT
2pi
(5.14)
• T - wave period [s]
The energy flux Fs determines the amount of energy dissipation necessary for an equilibrium
beach profile to occur once breaking is initiated:
Fs = Es · Cg (5.15)
where:
• Es - wave energy density corresponding to an equilibrium beach profile [N ·m/m2]:
The wave energy flux Fs corresponds to a wave height Hs that is a function of water depth h :
Hs = Γ · h (5.16)
where:
• Γ - wave height coefficient [−], recommended value Γ = 0.4
Wave setup or setdown is determined from the momentum equation (radiation stress):
dSxx
dx
= −ρghdµ
dx
(5.17)
where:
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• Sxx - radiation stress component directed onshore [m/s]:
Sxx =
1
8
ρgH2
[
n− 1
2
]
(5.18)
The setdown at the most seaward point is determined analytically as:
η = − piH
2
4Lsinh
(
4pih
L
) (5.19)
The point of incipient wave breaking is determined from an empirical criterion expressed in
terms of surf similarity parameter ξ:
Hb
hb
= 1.14 · ξ0.21 (5.20)
Shoreward of the break point κ is set to zero, and no energy dissipation takes place since
bottom friction is neglected. Once the breaking is initiated, the wave energy dissipation per
unit water volume is calculated as:
D =
κ
h2
(F − Fs) (5.21)
The obtained wave energy dissipation forms the input data for the sediment transport calcula-
tion and consequently for the profile change calculation.
5.1.3 Wave overtopping, overflow and combined overtopping and over-
flow
Together with the onshore directed progress of erosion, the dike crest becomes lower and
overtopping occurs, resulting in the erosion of the landside slope of the dike. As the available
version of the RANS-VOF model applied for the calculation of the flow parameters on the
outer slope cannot provide the required information for the inner slope, a selection of the
model for the simulation of the flow on the inner slope was made. This recently developed
model for dike breaching initiated by wave overtopping (D’Eliso, 2007) contains the formulae
that enable one to calculate the relevant parameters of wave overtopping, overflow as well as
combined wave overtopping and wave overflow.
5.1.3.1 Wave overtopping
In order to calculate the flow parameters that are necessary for the assessment of shear stress
on the landside slope i.e. flow velocity and layer thickness, the approach proposed by Schüt-
trumpf and Oumeraci (2005) is applied. The principle sketch and definitions for the calcula-
tions is shown in Figure 5.4.
The following steps are needed for the calculation of the maximal velocity and layer thickness
of wave run-up for regular waves:
1. the calculation of wave run-up:
zr = 2.25 · tanh(0.5 · ξd); ξd = tanα√
H/L
; L =
gT2
2pi
(5.22)
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Figure 5.4: Definition sketch for the calculation of the overtopping parameters (D’Eliso, 2007)
2. the calculation of the layer thickness and velocity of the wave run-up on the outer slope,
i.e zs ≤ Rc:
hs(xs) = 0.057 · (xzr − xs) (5.23)
vs(xs) =
pi ·H
T
· 1.03
tanα
· ξd ·
√
zr − zs
H
(5.24)
3. the calculation of the flow on the crest; xc <
(
Rc
tanα +Bd
)
:
hc(xc)
hs(Hd)
= exp
(
− 0.58 · cx
Bd
)
(5.25)
vc(xc) = vs(Hd) · exp
(
− f · xc
2 · hc(xc)
)
; f = 0.02; (5.26)
4. the calculation of the landward flow; s ≤ Hd · sinβ:
vl(s) =
vc(Bd) +
kl(s) · hl(s)
f · tanh
(
kl(s) · t
2
)
1 +
f · vc(Bd)
hl(s) · kl(s) · tanh
(
kl(s) · t
2
) (5.27)
hl(s) =
vc(Bd) · hc(Bd)
vl(s)
(5.28)
t ≈ −vc(Bd)
gsinβ
+
√√√√ vl(s)2
g2sin2β
+
2 · s
gsinβ
; kl =
√
2 · f · g · sinβ
hl(s)
(5.29)
The flow discharge per unit width:
q = hl · vl (5.30)
The flow parameters obtained with Eqs. 5.22 - 5.30 represent the peak flow within a wave
period. In order to take also the flow variation into consideration, each overtopping event is
divided into five time steps, with the following assumptions imposed (D’Eliso, 2007):
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• the flow discharge variation in time are assumed to have a triangular shape (Fig. 5.5a)
• the Froude number defined at each point along the dike profile Fr = vl/
√
g · hl is
constant with time (Fig. 5.5b)
• the flow velocity and depth are calculated as (Figs. 5.5c and 5.5d):
q = hs · vl; Fr = vl√
g · h ⇒ h =
(
q
Fr · √g
)2/3
; vl =
q
hl
(5.31)
Figure 5.5: Flow properties at the dike within a wave period (D’Eliso, 2007)
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5.1.3.2 Combined wave overtopping and overflow
Combined wave overtopping and overflow is defined as the sum of the wave overtopping and
overflow due to high water level. The combined flow region consisting of two flow transitions
and two subregions is shown in Figure 5.6. In the model an approach developed by D’Eliso
(2007) for the dike breaching initiated by wave overtopping is selected for the implementation.
Figure 5.6: Combined flow - definition sketch (D’Eliso, 2007)
The flow discharge in the first region, i.e. between wave overtopping and combined flow
(hof < H/2) is calculated as:
qcomb =
∣∣∣∣qcomb − (H/2− hofH/2
)
· (qcomb − q)hof=0
∣∣∣∣ (5.32)
where:
hover =MWL−Hd (5.33)
qcomb =
1
T
∫ T
0
(
2
3
· µcomb ·
√
2 · g · (hof + η(t))1.5
)
dt; µcomb = 0.4728 · ξd (5.34)
In the second region, i.e hof > H/2 the flow discharge is calculated as:
qcomb =
2
3
·
√
2 · g
(
µcomb · h1.5comb +
(
hof −H/2
hcomb −H/2
)
· (µover · h1.5of − µcomb · h1.5comb)
)
(5.35)
After the combined wave overtopping and overflow becomes overflow, the flow through the
breach channel is calculated
5.1.4 Water infiltration
Recently performed experimental tests on the clay erosion resistance (Husrin, 2007) con-
firmed significant influence of the water content on the erosion properties of the cohesive soils
used for the construction of the dike revetment. Furthermore, the increase of water content
resulting from infiltration determines the cohesion decrease and consequently the increased
possibility of shear failure occurrence in water-filled cracks. Therefore a reliable model for
the calculation of water infiltration into the soil is needed. Since the problem of infiltration
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was deeply treated in the companion PhD of D’Eliso (2007) and successfully implemented
into a dike breachin model, in the present study generally the same approach will be used.
This section addresses the Richard’s equation (Richards, 1931) which is a non-linear partial
differential equation that represents the movement of water in unsaturated soils. The Richards
equation is difficult to solve since it does not have a closed-form analytical solution, so usually
simplified solvers are used.
5.1.4.1 Richard’s equation
The 2D Richard’s equation is the continuity equation of the flow in the unsaturated soil and
reads (Richards, 1931):
∂
∂x
(
kx
∂Ψ
∂x
)
+
∂
∂y
(
ky
∂Ψ
∂y
)
+Q =
∂θc
∂t
(5.36)
where:
• k - hydraulic conductivity; k(ψ) = (kx(ψ), ky(ψ))
• ψ - flow head; ψ = z + u
ρwg
• θC - volumetric water content; θ = VwVs
• Q - boundary flux.
In order to solve the Richard’s equation, the following soil properties have to be known:
• saturated hydraulic conductivity (soil permeability) - empirical parameter, decreasing
from sand to clay soils. A number of references with typical values for different types
of soil is available (Table 5.2). At the location of cracks in clay cover the permeability
increases and this effect has necessarily to be accounted for during the simulation of
water infiltration.
Material ks Reference
Grass 1.30 · 10−7 ÷ 10−5 Holtan, 1961; Pilarczyk,2003
Clay 5.56 · 10−8 ÷ 1.67 · 10−7 Weissmann, 2003; Rawsl et al, 1992
Sand 8.25 · 10−5 ÷ 5.83 · 10−5 Weissmann, 2003;Rawsl et al, 1992
Cracks in clay 1 · 10−4 ÷ 1 · 10−5 TAW, 1996
Table 5.2: Typical values of the hydraulic conductivity ks (D’Eliso et al, 2007)
• soil-water characteristic curve that describes the relationship between suction pres-
sure and volumetric water content. Two methods to obtain the soil-water characteristic
curve are given:
– van Genuchten’s curve (1980);
– Brooks and Corey’s curve (1964).
both of them are the function of the pore size distribution index N (see Table 5.3) and
air entry value hb (see Table 5.4).
As already discussed by D’Eliso et al (2007) the application of the numerical solver of the
Richard’s equation is unfeasible for the purposes of a dike breaching module and the imple-
mentation of one of the available simplified solutions is suggested. Therefore only the appli-
cation of two simplified models (Wang, 2000 and Wang et al, 2003) will be here addressed.
96
Type of soil N Reference
Sand 0.4− 1.68 Brankensiek et al., 1981; Carsel and Parrish, 1988
Sandy loam 0.40− 0.89 Brankensiek et al., 1981; Carsel and Parrish, 1988
Clay loam 0.28− 0.40 Brankensiek et al., 1981; Carsel and Parrish, 1988
Clay 0.09− 0.41 Brankensiek et al., 1981; Carsel and Parrish, 1988
Table 5.3: Typical values of the pore size distribution index N (D’Eliso et al, 2007)
Type of soil hb Reference
Sand 3.58− 35.30 Brankensiek et al., 1981; Carsel and Parrish, 1988
Sandy loam 9.09− 29.21 Brankensiek et al., 1981; Carsel and Parrish, 1988
Clay loam 31.25− 69.55 Brankensiek et al., 1981; Carsel and Parrish, 1988
Clay 10.0− 125.00 Brankensiek et al., 1981; Carsel and Parrish, 1988
Table 5.4: Typical values of the air entry value hb ( D’Eliso et al, 2007)
5.1.4.2 Wang Z model
The Wang Z model (Wang, 2000) is a simplified infiltration model that calculates the saturated
water front using the Darcy’s equations as:
zs(t) =
√
2 · α · ks
∫ t
0
h(t)dt (5.37)
with:
• zs- vertical coordinate of the saturated water front [m]
• αc - coefficient, αc = 4.5 [−]
The infiltration water front is calculated as:
zw(t) =
√
2 · βc · ks
∫ t
0
h(t)dt (5.38)
where: βc - coefficient, βc = 15 · α = 67.5[−]
The volumetric water content θ can be calculated either using the model of Wang Q (Section
5.1.4.3) or assuming the linear distribution along the vertical infiltration path as:
θc(zs) = θs (5.39)
θc(zw) = θi (5.40)
and:
• θs - saturated volumetric water content [m3/m3] - see Tab. 5.5
• θi - initial volumetric water content [m3/m3] - see Tab. 5.6
• θr - residual volumetric water content [m3/m3] - see Tab. 5.7
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Type of soil θs Reference
Sand 0.35− 0.43 Brankensiek et al., 1981; Weissmann, 2003
Sandy loam 0.41− 0.44 Weissmann, 2003; Carsel and Parrish, 1988
Clay loam 0.39− 0.48 Weissmann, 2003; Brankensiek et al., 1981
Clay 0.36− 0.48 Weissmann, 2003; Brankensiek et al., 1981
Table 5.5: Typical values of the saturated volumetric water content θs (D’Eliso et al, 2007)
Soil condition θi
Dry θr ÷ θr + 0.3(θsθr)
Medium θr + 0.3(θsθr ÷ θr + 0.6(θsθr)
Wet θr + 0.6(θsθr)÷ θs
Table 5.6: Typical values of the initial volumetric water content θi (D’Eliso et al., 2007)
Type of soil θs Reference
Sand 0.020− 0.054 Brankensiek et al., 1981; Weissmann, 2003
Sandy loam 0.045− 0.118 Weissmann, 2003; Carsel and Parrish, 1988
Clay loam 0.095− 0.185 Weissmann, 2003; Brankensiek et al., 1981
Clay 0.068− 0.226 Weissmann, 2003; Brankensiek et al., 1981
Table 5.7: Typical values of the residual volumetric water content θr (D’Eliso et al, 2007)
The following assumptions are imposed in the model:
• the hydraulic gradient is a function of the mean water depth on the surface of the dike
• the calculation domain is limited only to the saturated soil, the influence of the unsatu-
rated soil on the process of infiltration is limited to the empirical coefficient α
5.1.4.3 Wang Q model
The Wang Q model (Wang et al, 2003) is based on the following assumptions:
• 1D vertical infiltration is simulated
• the water-soil characteristic curve by Brooks and Corey (1964) are used
• the Richard equation is solved analytically using a Taylor series method
The infiltration water front is calculated solving Eq. 5.41 while the volumetric water content
is calculated using Eq. 5.42.
t =
θs − θi
(1 + αc)ks
(
zw − ln(βzw + 1)
β
)
(5.41)
θc(z) = θr +
(
1− z
zw
)α
c
(θs − θr) (5.42)
where:
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• αc = N/M ; M = 2 + 3N
with N - pore size distribution index [−]
• βc =M/hb
with hb - air entry value [cm]
5.1.4.4 Comparison of the infiltration models
In order to compare the results provided by the simplified infiltration model, an idealized
simulation has been performed. The following data were used:
• dike height Hd = 10m
• mean water level at the toe of the dike h = 6m
• irregular waves, Hs = 1.47m Tp = 4.7s
• thickness of the clay layer dc = 1.5m
• time of simulation tsim = 120min
• soil parameters for clay and sand as given in Tabs.5.2-5.4
In Fig. 5.7 the comparison of the results provided by the Wang Q and Wang Z models is
shown. Although the same input data set were used, the results substantially differ. In the
detailed model both methods for the calculation of the saturated front are implemented and
the one to be used can be freely chosen by the user. The application of the Wang Q model in
the dike breaching model provides more conservative results concerning breaching times, but
the infiltration model itself is more demanding in terms of computational effort.
Figure 5.7: Comparison of the saturated fronts calculated using Wang Q and Wang Z models
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5.2 Improvements of the morphodynamic module
The focus of the improvements made in the detailed morphodynamic module is on the phase
of breach initiation, as it was found to be of crucial importance in the simulations using the
preliminary model. The results of the laboratory experiments (Chapter 4) on the surface ero-
sion of grass and clay and the local failure in cracks as well as the laboratory tests on the
reinforcement properties of grass roots are implemented in the detailed model. Furthermore,
the total progress of erosion during the first two phases is calculated as a sum of (i) erosion
increments resulting from successive impact pressures, that act on a very limited area and (ii)
erosion increments resulting from shear stress induced by the cyclic flow associated with wave
run-up and run-down that acts on larger areas. For the simulation of the sand core erosion the
results of the small scale tests on the entire process of dike breaching (Stanczak et al, 2007a,
Husrin, 2007) are used. Furthermore, during the last two breaching phases also the erosion of
the inner slope resulting from possible overtopping is accounted for.
5.2.1 Breach initiation - cover erosion
As already discussed in Section 3.5.1 the dike breach is considered to be initiated when the
grass and clay cover failed. The laboratory experiments performed in the framework of this
thesis show that it is not only possible, but also convenient, to treat the entire dike revetment
as a clay layer that is partially reinforced by vegetation (Stanczak et al, 2007a). This approach
allows one to simulate the grass and clay erosion processes continuously and to take the local
variations in both materials into consideration. After the grass cover failed at one location,
it still reinforces the remaining part of the slope. The assumption made in the preliminary
model stating that grass cover fails simultaneously on the entire slope is therefore removed in
the detailed model.
5.2.1.1 Combined action of impact pressures and flow associated with wave run-up and
run-down
The data provided by the hydrodynamic module contains information on impact pressure, flow
velocity and layer thickness for each time step and for each node of the numerical mesh, which
enables one to calculate the erosion for each time step as a sum of the erosion increments due
to impact pressure and erosion increments due to shear stress induced by the flow associated
with wave run-up and run-down. The following models are selected for the simulation of grass
and clay erosion:
• Excess shear approach (Temple et al, 1987) is used for the calculation of erosion due
to the flow associated with run-up and run-down. The protective properties of the grass
stems are accounted for in the grass cover factor (Cf ) thus reducing the effective shear
stress on the soil.
• The surface erosion model developed after the laboratory experiments described in
Chapter 4 is applied for the calculation of the erosion due to impact pressures. The grass
root reinforcement model is applied in order to include the effects of a grass cover;
• The presence of cracks and fissures is accounted for and the possible shear failure in
cracks subject to impact pressure is simulated.
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5.2.1.2 Erosion due to impact pressures
The following formula (see also Eq. 4.1) that was derived from the laboratory experiments
forms the basis for the calculation of local surface erosion due to impact pressures:
di = kd,p,i · pi · e−whi (5.43)
where the following notation is used:
• di - depth of erosion at the i-th node resulting from a single impact pressure event [m];
• kd,p,i - soil detachability coefficient for a unit area calculated at the i-th node [m3/N ];
• pi - impact pressure at the i-th node [N/m2];
• w - coefficient representing the damping effectiveness of a water layer [−]
• hi - water layer thickness at the i-th node [m]
The empirical coefficient kd,p,i depends on the soil parameters - type of clay and on the water
content. For the clay of the erosion resistance Category 1 according to the Dutch requirements
(TAW, 1996) the erodibility coefficient kd,p can be calculated as the following function of the
water content that was derived from laboratory experiments by Husrin (2007):
kd,i = 0.35 · arctan[110− (wc− 0.43)] · 10−12 [m3/Pa] (5.44)
In Fig. 5.8 the comparison of the measured erodibility coefficients with Eq. 5.44 is provided.
The increase of the erodibility coefficient even up to one order of magnitude that results from
the variations in the water content may be observed. The measured values for other types of
clay can be found in the progress report by Stanczak et al, (2007a).
Figure 5.8: Erodibility of the clay as a function of water content
In the uppermost layer of the clay cover the soil is reinforced by the grass roots. The modified
erodibility coefficient kd,g,p is a function of (i) the dimensionless parameter b that describes
the influence of the roots on the erodibility and (ii) of the Root Volume Ratio RVR:
kd,g,p,i =
kd,p,i
b ·RV R2i
[cm3] (5.45)
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The Root Volume Ratio RVR can be calculated as a function of the depth under the grass
surface. Two models that describe the distribution of the root volume ratio RVR underneath
the soil surface are available (Sprangers, 1999 and Stanczak et al, 2007f):
RV R = A ·D(d−dcor) [%] (5.46)
where A, D and dcor are the empirical coefficients that depend on the quality of grass cover
while d is the depth under the surface given in centimeters. The coefficients A and D are
supposed to have a negative correlation with the clay quality, since stronger clay prevents the
grow of a dense root network. In Tab. 5.8 the coefficients suggested by different authors are
given.
A D dcor b Reference
2.67 0.8 1.5 - Sprangers (1999)
1.58 0.75 2.0 5 Stanczak et al (2007a)
Table 5.8: Coefficients describing the grass roots distribution and their effect on soil erodibility
The erodibility parameter for the whole revetment kd,t,p,i can be then calculated taking the
critical erosion depth into account as:
kd,t,p,i =
kd,p,i
b ·RV R2 for d < dcrit
kd,t,p,i = kd,p,i for d > dcrit (5.47)
5.2.1.3 Erosion due to shear stress induced by the flow associated with wave run-up
and run-down
The detachment of the soil particles during the surface erosion of the clay cover due to the
flow associated with wave run-up and run-down occurs if the effective shear stress is greater
than the critical shear stress for the soil. The erosion is then calculated according to the excess
effective shear stress approach (Meyer, 1964) as:
dz
dt
= kd(τ0 − τ0,cr)dt (5.48)
with:
τ0 = ρwghJ (5.49)
and:
• dz - incremental erosion depth [m]
• kd - detachability coefficients that depend on the soil properties [m ·N−1s−1]
• τ0,cr - critical shear stress for the given type of soil [N/m2]
• h - water depth [m]
• J - energy slope [−]
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The detachability coefficient is calculated as a function of the dry soil density ρc,d and the
weight percentage of the clay in the soil c% as (Temple and Hanson, 1994):
kd = 10
−610ρw
ρc,d
exp
[
− 0.121c0.406%
(
ρc,d
ρw
)3.1]
(5.50)
where:
• ρw - water density [kg/m3]
• ρc,d - bulk soil density [kg/m3]
The energy slope J is calculated using the Manning formula:
J =
n2 · v2
h4/3
(5.51)
where the Manning roughness n is calculated as (Temple and Hanson, 1994):
n =
D
1/6
75
14.2301
(5.52)
with:
• D75 - 75% sediment size [mm]
The critical shear stress t0,ct is calculated as (D’Eliso, 2007):
τ0,cr = 5.43 · 10−6
(
ρc,d · ρcw − ρw
ρc,d − ρw
)2.28
(5.53)
where ρcw denotes the density of the clay-water mixture, which is typically equal to about
1100kg/m3.
The protective properties of the grass cover are described by the grass cover factor Cf which
represents the decrease of the effective shear stress due to the flow resistance of the stems.
The calculation of the effective shear stress taking the influence of the vegetation into account
is performed using the following approach (Temple et al, 1987);
τ0,e = τ0(1− Cf )
(
nsoil
ntot
)2
(5.54)
with:
• τ0,e - effective bottom shear stress [N/m2]
• Cf - factor describing the influence of the grass cover on the effective shear stress [−]
• nsoil - Manning roughness of the soil [s ·m−1/3]
• ntot - total Manning roughness (taking the grass cover into account) [s ·m−1/3]
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The empirical factor Cf depends on the type of the grass cover and takes the values in the
range 0-1. Cf -values for a number of grass species are given by Temple et al (1987).
The total Manning roughness is calculated using the following formula given by Temple et al
(1987):
ntot = 0.3048
− 1
3 exp{CI [0.01331ln2(10.7639q)− 0.0954ln(10.7639q) + 0.297]− 4.16}
(5.55)
where CI denotes the curve retardance factor calculated as CI = 2.5(Ls
√
ρg)
0.333, and:
• LS - stem length [m]. The suggested values is in the range 0.08-0.2m
• ρg - number of stems per m2 [1/m2]. Typically takes value ρg = 500 − 5500m−2,
depending on the grass species.
In the case the grass species are unknown, the curve retardance factor CI and grass cover
factor Cf can be assumed as given in Tab. 5.9 (Temple and Hanson, 1994):
Grass cover quality Grass cover factor Cf Curve retardance factor CI
Good 0.75 5.6
Moderate 0.5 5.0
Poor 0.25 4.4
Table 5.9: Grass cover factor and curve retardance factor for idealized scenarios
No formula for the critical shear stress for grass cover was found in the literature. The per-
formed measurements however suggest values in the range of τ0,cr = 34.8 − 184.2N/m2
depending on the grass quality (Fischerich, 2001).
5.2.1.4 Shear failure in fissures and cracks
Randomly located cracks are generated as a part of the definition of dike geometry. The max-
imal crack depth dcrack,max expressed in centimeters is limited to dcrack,max = 3 ·Vs, where Vs
is the soil shrinkage expressed in percent (Richwien, 2002). Since the soil shrinkage is in the
range of Vs = 5÷ 30%, depending on the soil parameters, the maximal crack depth is limited
to dcrack,max = 0.15÷ 0.9[m]. At the cracks the limit state equation for the shear failure (Eq.
4.9) is solved, and if the failure occurs, the dimensions of the cracks are updated with the
calculated angle of shear failure.
5.2.2 Undermining and mass instability of the clay cover
According to the simulations of dike breaching initiated from the seaside by breaking wave
impact performed in the small LWI wave flume (Husrin, 2007, Stanczak et al, 2007a) the
remaining part of the clay cover after breach initiation still plays an important protective role.
The assumption made in the preliminary model, stating that the entire clay cover is removed
from the dike after the breach initiation is therefore not fully consistent. Actually, a transition
phase containing the erosion of both clay cover and sand core was observed between the clay
erosion phase and the sand core erosion phase (Figure 5.9).
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Figure 5.9: Transition phase between cover and core erosion
This transition phase begins immediately after the end of the clay erosion phase, i.e. when the
eroded hole in the clay layer has reached at least one point of the sand core and ends when
the dimensions of the scour hole have grown up to the point when the plunge point is located
on the uncovered sand core. In the detailed model, during the transition phase the erosion of
clay is calculated as in the preceding phase (Eqs. 5.43 - 5.52), while the progress of sand core
erosion is calculated as in the preliminary model, i.e. by applying the wave impact approach of
Larson et al (2004) for sand dune erosion (Eq. 3.27). Since the progress of sand core erosion
is significantly faster than that of the clay layer undermining and consequently the collapse of
the clay layer is observed (Fig. 5.10).
Figure 5.10: Undermining of the clay layer during the transition phase
Three failure modes for the clay cantilever can theoretically occur: bending, shearing and
sliding. However, based on the observations during tests in the wave flume it can be stated, that
bending is the dominant failure mode. The critical length of the undermined clay cantilever is
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then calculated as (Fig. 5.11) :
lcrit =
√
c · dc
3 · ρc · g (5.56)
with:
• lcrit - critical cantilever length [m]
Figure 5.11: Bending of the undermined clay cantilever - definition sketch
5.2.3 Front face erosion of the sand core - beach profile formation
In the preliminary model the erosion of sand core was calculated as a linear dependency of the
eroded soil volume on the impact force. The tests performed in small wave flumes (Husrin,
2007 and c.f. Chapter 4) clearly showed that in the reality this process is rather driven by the
formation and evolution of a beach profile (see Figure 5.12a)
a) Beach profile development in the wave flume tests at LWI
b) Principal zones of cross-shore transport
Figure 5.12: Formation of beach profile and cross-shore transport zones
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The identification of regions with different wave characteristics requires an analysis of the net
transport rates in the following zones (see also Figure 5.12b):
• pre-breaking zone (zone I) - from the seaward depth of effective sand transport to the
breaking zone
• breaker transition zone (zone II) - from the break point to the plunge point
• broken wave zone (zone III) - from the plunge point to the swash zone
• swash zone (zone IV) - from the shoreward boundary of the surf zone to the shoreward
limit of runup
The sediment transport rate relationships for each zone (see Fig.5.12b) are then given as (Lar-
son and Kraus, 1989):
• Zone I (xb < x):
q = qb · e−λ1(x−xb) (5.57)
• Zone II (xp < x ≤ xb)
q = qp · e−λ2(x−xp) (5.58)
• Zone III (xz < x ≤ xp)
q =
 K
(
D −Deq + εK
dh
dx
)
D >
(
Deq − εK
dh
dx
)
0 D ≤
(
Deq − εK
dh
dx
) (5.59)
• Zone IV (xr < x ≤ xz)
q = qz
(
x− xr
xz − xr
)
(5.60)
where:
• qs - net sediment cross-shore transport rate [m3/m · s]
• λ1 and λ2 - spatial decay coefficients for the transport rate [1/m] - see Equations 5.62
and 5.63
• K - sediment transport rate coefficient [m4/N ], assumed to be equal K = 3 · 10−6
• ε - slope-related transport rate coefficient [m2/s], equal ε = 6 · 10−4
• Deq - energy dissipation associated with an equilibrium beach profile, calculated as:
Deq =
5
24
· ρ · g1.5 ·
(
Hb
hb
)2
· A1.5 [Nm/m3/sec] (5.61)
where A is the shape parameter calculated as: A = 2.25 · (ws/√g)2/3
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The subscripts b,p,z and r stand for the quantities evaluated at the break point, plunge point.
end of the surf zone and runup limit, respectively (Fig.5.12b). The spatial decay coefficients
used in zones I and II describe the decrease in transport rate with distance and are calculated
as:
λ1 = 0.4
(
D50
Hb
)0.47
(5.62)
and
λ2 = 0.2 · λ1 (5.63)
The locations of the break point, plunge point, end of the surf zone and runup height are
calculated applying the following formulae (Larson and Kraus, 1989):
• The break point is calculated directly from the wave height calculations
HB = 0.53 ·H0
(
H0
L0
)−0.24
(5.64)
• The plunge point is located 3HB shorewards from the impact point
• The end of the surf zone is defined arbitrarily as the point, where water depth h < 0.4m.
• The runup limit is calculated as a function of surf similarity parameter ξD (c.f. Eq. 5.22).
The transport rate is first calculated at the plunge point (x = xp) and at the end of the surf zone
(x = xz), after that Equations 5.57, 5.58 and 5.60 are applied in order to completely define
the transport rate distribution. In the model also the concept of avalanching is implemented,
i.e. if the local slope exceeds the angle of initial yield ψi, soil is redistributed along the slope
and a new stable slope with the angle ψr is formed. In the model, ψi is set to 280 while ψr
takes the value of 180
5.2.4 Transition phase for the sand core erosion
The continuous erosion and formation of the sand beach profile results in the lowering of the
dike crest which in turn can result in wave overtopping and consequently in the erosion of the
inner slope. In order to account for this mechanism, from the begin of the sand core erosion
till the begin of wave overtopping, also the possibility of the inner slope erosion is controlled.
The dike cross-section is divided into two parts, with the outer edge of the dike crest being the
border. The condition for wave overtopping is controlled by calculating the wave runup (Eq.
5.22). If overtopping occurs, the flow conditions are calculated by applying Eqs. 5.23 - 5.31
and the profile change is calculated using the excess shear approach as given by Eqs. 5.48.
The progressive lowering of the dike crest may lead to the overflow and if the latter occurs the
core wash-out begins. The simulation of the core wash-out is essentially performed by using
the same two approaches as in the preliminary model.
5.3 Overall implementation of the model
In order to develop the detailed dike breaching model the information on the modeling of flow
and erosion processes given in Chapters 5 are summarized and implemented into a computa-
tional dike breaching model. In this model, the flow model COBRAS is used to provide the
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information on the loading on the dike slope during the grass and clay erosion phases, while
the flow models for the front-face erosion of the sand core (Section 3.3.1) and for the core
wash-out (Section 3.3.2) are coded in MATLAB v7.0. The complete morphodynamic module
is also coded in MATLAB. The flow chart of the detailed model is shown in Figure 5.13. In
Section 5.3.1 the modeling of the grass and clay cover erosion is summarized, while the mod-
eling of sand core erosion including the transition phase between erosion of clay and sand is
reported in Section 5.3.2.
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Figure 5.13: Detailed model - complete flow chart
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Figure 5.14: Detailed model - complete flow chart (continued)
5.3.1 Simulation of the dike cover erosion
The grass erosion phase and the clay erosion phase form the entire cover erosion phase which
starts with the incipient wave action and ends when the erosion reaches the sand core of the
dike. The hydrodynamic module is essentially the same during the erosion of grass and clay
and contains the numerical simulation of free surface flow and the calculation of infiltration
using simplified solvers of Richard’s equation. The outputs of the hydrodynamic module are
used as inputs for the morphodynamic module. During the simulation of the grass erosion
the focus is on the reproduction of the roots reinforcement properties, while during the clay
erosion, the shear failure in cracks is the leading process.
5.3.1.1 Free surface flow on the outer slope and infiltration
During the erosion of the grass and clay cover only the flow conditions on the outer slope
are calculated. The RANS-VOF model COBRAS is used to simulate the free surface flow.
A MATLAB subroutine for the postprocessing of the defaults output files generated by CO-
BRAS is delivered together with the main program file. The final output file saved in the *.mat
format contains the information on impact pressure, flow velocity and layer thickness for each
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node and each time step. For each time step the model calculates the infiltration and saturation
water front (Eqs. 5.37 or 5.41) and the resulting volumetric water content in the soil according
to a linear distribution along the vertical infiltration path.
5.3.1.2 Grass and clay erosion
The erosion of the grass cover (breaching Phase 1) is calculated for all numerical nodes of the
seaside slope. In the first step, the soil cohesion is calculated as a function of the water con-
tent. Applying Eq. 5.46 the root volume ratio is then calculated. Based on this information the
erodibility coefficient for impact pressures is calculated (Tab. 4.3 and Eqs. 5.45) and the ero-
sion depth for each node and each time step is calculated (Eq. 4.1). Simultaneously, for each
node, the erosion depth due to flow of wave run-up and run-down is calculated by applying
Eqs. 5.48 - 5.49 and 5.54 - 5.55, where the erodibility coefficient is obtained using Eq. 5.50.
For each time step the total erosion depth is calculated and the condition of critical erosion
depth is controlled. The assumed critical depth is reached, when the root percentage in the
soil volume becomes negligible, i.e. RV R < 0.44%. If this condition is fulfilled, the breach is
initiated. As a result, the numerical and graphical information on the erosion progress history,
development of the dike profile and associated time are stored in an .xls file.
At the next time step breaching Phase 2 (clay erosion) begins. The local clay cover erosion
is calculated for all sections of the seaside slope. The erodibility coefficient due to impact
pressures is calculated as a function of water content and soil type (Eq. 5.44). The depth of
erosion resulting from a single wave impact is calculated using Eq. 5.43. Simultaneously, the
depth of erosion induced by the wave run-up and run-down flow is calculated by using Eqs.
5.48 - 5.49 and the erodibility coefficient is determined by applying Eqs. 5.50 - 5.52. For each
time step also the soil cohesion is calculated and the limit state equation for the shear failure
in water filled cracks is solved (Eq. 4.9). If a shear failure occurs, the dike profile is updated.
For each time step the total erosion depth is calculated and the condition of critical erosion
depth (d > dc) is controlled. If this condition is fulfilled for at least one node, the information
on the erosion progress history, updated dike profile and time associated with this phase are
stored. At the next time step the transition phase between clay and sand erosion begins.
5.3.2 Sand core erosion - beach profile formation and transition phase
Compared to the preliminary model, an additional phase between clay and sand core erosion
is introduced, based on the results of the laboratory experiments performed at the LWI. This
transition phase starts when the clay erosion phase ended, and ends when the dimensions of
the scour hole have grown up to the point, when the plunge point is located on the uncovered
sand core. At that moment, the core erosion starts and ends when the overflow occurs, i.e.
when the dike crest is below the mean water level.
5.3.2.1 Flow simulation
During the transition phase the flow parameters are obtained exactly like in the case of cover
erosion, i.e. using the information provided by the COBRAS model.
After the end of the transition phase for each time step the condition for wave overtopping is
controlled by comparing the wave run-up limit (Eq. 5.22) and the highest node of the dike.
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Depending on whether overtopping occurs or not two alternative cases may occur for each
time step:
• No overtopping occurs - only the flow on the outer slope is simulated. The energy flux
is calculated by using Eqs. 5.8-5.14, then the wave height is given by Eqs. 5.17 - 5.20
and finally the wave energy dissipation along the outer slope is obtained from Eq. 5.21;
• Overtopping occurs - the flow on the crest and on the inner slope is also simulated.
In this case the flow on the outer slope is calculated with Eqs. 5.23 - 5.24, on the crest
with Eqs. 5.25 - 5.26 and on the inner slope with Eqs. 5.27 - 5.29. The flow parameters
within a wave cycle are then calculated according to Eq. 5.31.
5.3.2.2 Simulation of the sand core erosion
All essential calculations regarding clay erosion during the simulation of the transition phase
between clay and core are performed as in the previous breaching phase. Simultaneously, the
progress of sand core erosion in the direction of waves is calculated applying the model of
Larson et al. (2004) given by Eq. 3.27. As the progress of sand erosion is significantly faster
than that of the clay cover, undermining of the clay revetment occurs. The collapse condition
is controlled by the limit state equation (Eq. 5.56). If a bending failure occurs, the dike profile
is updated and it is assumed that the collapsed block of clay is removed instantaneously by
wave action. The transition phase ends, when the dimensions of the scour hole have grown
up to the point, when the plunge point is located on the uncovered sand core. In the next time
step, the numerical and graphical outputs are stored and the next phase, i.e the sand core ero-
sion starts.
When no overtopping occurs, Eqs. 5.57 - 5.60 are used to describe the sediment transport
rate and bed profile change on the outer slope. If overtopping occurs, the erosion along the
dike profile is calculated using Eqs. 5.48 - 5.53 for the erosion of the clay revetment and Eqs.
3.30 - 3.35 for the erosion of the sand core. For each time step the condition of overflow is
controlled (see Fig. 3.8), and if the latter occurs, the outputs are stored, and the last phase, i.e.
dike core wash-out begins. The sand core wash-out is calculated with the volume-averaged ap-
proach (Eqs. 3.58 - 3.63), but energetic approach can be alternatively selected. Although the
results provided by the volume-averaged approach are comparable with those given by the 1D
Exner equation, the selection of the former is recommended since the related computational
effort is one order of magnitude smaller when compared to the latter.
5.3.3 Example application, results and discussion
The detailed model was applied for the breaching simulation of a typical prototype dike in
order to explore the main differences between the preliminary model and the detailed model.
The simulation of a historical dike damage and a historical dike breach are performed. The
results are compared with the results of the preliminary model and the verification against the
measurements is made.
5.3.3.1 Breaching of a typical North Sea dike
As a first example simulation, the model was applied for the breaching simulation of a typical
North Sea dike considered in the preliminary model (Section 3.5.1.1). The same main param-
eters as in the case of preliminary model were used, while the parameters that are used only
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either in the preliminary or in the detailed model were so adjusted, that they represent the
grass and clay of the same quality (c.f Table 5.10).
INPUT PARAMETER SYMBOL Value UNIT
Significant wave height Hs 1.4 [m]
Peak period Tp 4.7 [s]
Mean water level mwl 6 [m]
Dike height HD 10 [m]
Dike crest BD 2 [m]
Outer slope m 6 [−]
Inner slope n 3 [−]
Thickness of the clay layer dc 1 [m]
Polder area Ap 1000000 [m2]
Root volume ratio RV R 2.67 · 0.75(d−2) [%]
Grass cover factor Cf 0.75 [−]
Damping coefficient w 2 [−]
Initial infiltration front zinf 0.25 [m]
Initial water content θi 0.2 [m3/m3]
Saturated water content θs 0.42 [m3/m3]
Clay content c% 30 [%]
Mean depth of cracks dc,mean 0.4 [m]
Sediment size D50 0.2 [mm]
Internal friction angle φ 32 [deg]
Porosity of the sand p 0.4 [−]
Table 5.10: Input parameters for the simulation of breaching
The main outcomes from both models and the relative differences are given in Table 5.11.
Parameter Symbol Unit PM DM ε
Grass erosion time tg h 16.03 18.98 -18%
Clay erosion time - cracks tc,c h - 5.33 -
Clay erosion time - transition phase tc,tr h - 9.22 -
Total time of clay erosion tc h 14.15 14.55 -3%
Cover failure time tc,t h 30.18 33.53 -11%
Time of core erosion and wash-out ts h 5.57 12.87 -42%
Total time of breaching tt h 35.75 45.35 -28.1%
Peak outflow discharge Qp m3/s 1367 1248 +8.7%
Final breach width Bb,max m 93.26 86.22 +7.5%
Difference between PM and DM: ε = 100 · (PM −DM)/PM
Table 5.11: Main outputs of the simulation and comparison with the preliminary model
The progress of the grass and clay erosion calculated by the preliminary and detailed model
and the indications on the most important points of the erosion course are comparatively
shown in Fig. 5.15.
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Figure 5.15: Progress of the cover erosion - comparison of the preliminary and detailed model
The comparative analysis of the results indicates the following aspects related to the erosion
of grass and clay (Tab. 5.11 and Fig. 5.15):
• time of grass erosion (tg) calculated by the detailed model is 18% higher than in the
preliminary model, due to the completely different method to simulate the erosion pro-
cess. In the preliminary model the modified equations for the estimation of the residual
strength of grass cover were applied. In those formulae, possible weaker points were
accounted for in the safety coefficients, resulting in faster erosion.
The detailed model is based on the results of the laboratory experiments on the rein-
forcement grass properties, and the variations in the grass properties are already directly
included as material properties and in the simulation. Due to the higher concentration
of the roots directly under the surface of the slope, almost no damage is observed in the
first 10 hours, which relatively corresponds to the observations in large-scale tests on
grass erosion in a wave flume (Smith et al, 1994);
• time of clay erosion (tc,c) calculated by the detailed model is almost the same (3%
higher) as in the case of the preliminary model. Similarly to the grass erosion, an ad-
ditional safety coefficient was also included in the preliminary model. However, no
influence of cracks was taken into account in the preliminary model.
In the detailed model the cracks in the clay layer that result in faster erosion were in-
cluded, but on the other hand the safety coefficients are not included anymore. The clay
erosion phase is divided into two parts, with two different courses of erosion. During the
first part, the rapid progress of erosion after the shear failure (Fig. 5.15) clearly domi-
nates, confirming the observations made by Führböter (1966) on the crucial importance
of cracks for the stability of clay revetments. Nevertheless, the distribution, the number,
location and depth of the cracks on the slope, which are purely random, can strongly
influence this part resulting either in shorter or longer time of erosion. In the second part
of this phase, the clay erosion decelerates as the sand core erosion and consequently the
clay undermining occurs (Fig. 5.15). Till the end of this part the clay layer is stable and
the collapse of the undermined clay cover is considered to be the end of the clay erosion
phase;
• warning time (tw) which is equal the cover failure time (tc,t) is slightly (11%) higher
for the detailed model than for the preliminary one, which is a logical consequence of
the higher grass and clay erosion times.
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The time of front-face core erosion (ts) is significantly (42%) higher for the detailed model.
The main reason of this difference is the protective function of the remaining parts of the clay
cover that is accounted for in the detailed model. In the preliminary model the clay cover was
assumed to fail instantaneously as soon as at least one point of the clay cover failed. This
assumption was however a simplification and the latter was removed in the detailed model,
based on the results of the new laboratory experiments performed at the LWI.
The total breaching time (tt) is 28% higher than in the case of the preliminary model, and
the highest time increase was contributed by the core erosion time. The increase of the total
breaching time results from the removal of the simplifying assumptions made in the prelim-
inary model. Those simplifications, especially assumptions on instantaneous failure of grass
and clay cover were always on the safe side, decreasing the time of breaching. Consequently,
the preliminary model provides results on the conservative side as intended.
The final breach shape obtained from the detailed model is similar to the one obtained from
the preliminary model (Figure 5.16). The largest differences can be noted on the crest and on
the landside, where the breach calculated by the detailed model is wider. This difference is due
to the fact, that in the detailed model also the simulation of the inner slope erosion resulting
from wave overtopping is included. Therefore, different initial conditions for the simulation of
the overflow are provided. This results also in an 8% difference in the peak outflow discharges
Figure 5.16: Final breach shape - comparison of the preliminary and detailed model
5.3.3.2 Historical dike damage
The data on the damage of a dike (Fig. 5.17) caused by breaking wave impact on the outer
slope was used to test the prediction capability of the detailed model to simulate the first
breaching phase, which is crucial for the entire breaching process. The obtained results are
compared with the predictions given by the preliminary model and with the measured dimen-
sions of the scour hole. Unfortunately, very limited information on this damage is available,
and it is only possible to compare the dimensions of the scour hole. In this case the results
given by the detailed model are almost identical to those given by the preliminary one and to
the observed values. No information on the time needed for this damage to occur is available.
The time of storm duration needed for this damage to occur given by the detailed model is
33% higher than the time given by the preliminary model. The source of this difference is the
same as in the case of dike breach simulation given in Section 3.5.1
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Figure 5.17: Damage of the dike (after Forschungs- und Vorarbeitenstelle Neuwerk) and com-
parison with the results from preliminary and detailed model
Parameter Measured Preliminary model Detailed model
Diameter of the hole 6.0* 6.0 6.0
Depth of the hole 2.0* 2.11 2.25
Storm surge duration needed unknown 13.52 18.06
for this damage to occur
* Fuhrböter et al (1976)
Table 5.12: Main outputs of the simulation and comparison with the preliminary model
5.3.3.3 Historical dike breach
The available information on the dike breach in Ülversbüller Koog (Wohlenberg,1963) was
compared with the results provided by the preliminary and detailed model (Table 5.13).
Parameter Observed Preliminary model Detailed model
Total time of breaching [h] ≈23* 27.07 31.64
Core wash-out time [h] ≈2** 3.33 3.85
Final breach width (min) [m] ≈35** 37.6 62.16
Final breach width (max) [m] ≈80** 88.2 88.10
* Landesamt für Wasserwirtschaft - SH (1962); ** Wohlenberg (1963)
Table 5.13: Main outputs of the simulation and comparison with the preliminary model
In the investigated case, the preliminary model seems to provide better results concerning the
time of breaching, while the detailed model overestimates the temporal parameters and min-
imal breach width. Nevertheless, the results given by both models are only indicative, due to
the lack of information on the actual prototype parameters which are essential for the proper
breaching simulation. The description of breaching time, progress of erosion as well as the
breach widening and deepening rate were reported by accidental eye witnesses and therefore
are roughly estimated, not measured. Although some pictures of the full breach are available,
the shape and final breach dimensions are also roughly estimated and the detailed measure-
ments are lacking. For the purposes of this example application, the grass cover quality, clay
layer thickness and the mean grain size D50 were arbitrary assumed so that the moderate ero-
sion resistance is accounted for.
Generally, the detailed information on the historical dike breaching initiated from the seaside
which would allow for a better model validation is lacking.
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6 Uncertainties, sensitivity and reliability
analyses
Both preliminary and detailed models are based on a deterministic formulation. However, as
input parameters are stochastic, the model outcomes should include an assessment of the un-
certainties. This chapter provides a brief analysis of uncertainties and their influence on the
model outputs. The uncertainties of the model system are defined, Section 6.1. The informa-
tion on the influence of single parameters on the model outcomes are provided in Section 6.2.
Finally, the influence of the input parameters on the probability density function of the model
outputs is analysed in Section 6.3 .
6.1 Uncertainties
The uncertainty of the simulation results is due to two types of uncertainties: input parameter
uncertainties and model parameter uncertainties. The uncertainties of the input parameters
result from the natural variations in the sea state and soil properties as well as from the imper-
fections during the dike construction. The uncertainties in the model parameters may result
from (i) the limitations of the empirical formulation, which are always based on a limited
number of laboratory tests, and (ii) the simplifications made in the mathematical/numerical
simulation of the processes involved. The input parameters are described with a gaussian
probability density function that is characterised by the following parameters:
• mean value:
µx =
1
N
N∑
i=1
Xi (6.1)
• standard deviation
σx =
√√√√ 1
N − 1
N∑
i=1
(Xi − µx)2 (6.2)
• Coefficient of variation
σ′x =
σx
µx
(6.3)
where X denotes the investigated parameter and N the number of samples.
6.1.1 Main uncertainties in the preliminary model
Among all input parameters, the most important and also the most uncertain refer to the sea
parameters - wave height (H or Hs), wave period (T or Tp), mean water level (MWL) as well
as to the grass erosion coefficient Eg,max or clay erosion coefficient Ec,max. Furthermore, the
critical depth of grass erosion depends on the grass properties, grass condition and even on
the seasons of the year. Furthermore, since Phase 3 and Phase 4 of breaching simulation are
based only on two parameters, i.e. on the sediment density (ρs) and sediment size (D50), they
both should be also investigated. Model uncertainties refer essentially to the parameters that
describe the impact pressures (Eqs. 3.2 - 3.9) and to the initial breach channel dimensions
(Fig. 3.14).
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6.1.2 Main uncertainties in the detailed model
The parameters describing the root volume ratio (RVR) in Eq. 4.14 are the most important and
the most uncertain input parameter in the grass erosion simulation. This parameter depends on
the grass type, soil type, maintenance and even season of the year. The same concerns also the
grass cover factorCf (Eq. 5.54) and total Manning roughness (Eq. 5.55). The input parameters
for the clay erosion simulation due to impact pressures are calculated based on the definition
of three clay types: weak, moderate and strong. Those definitions cover however a wide range
of soil types and are therefore subject to large uncertainties. Some of the parameters (kd in
Eq. 5.44, for instance) are a function of water content, that depends on the assumed initial
water content and applied infiltration model, which are both subject to large uncertainties.
The leading parameters of the core erosion process (D50 and n) should have controlled values
of the construction materials and are subject to relatively well known uncertainties. More
information on the identified uncertainties and their range is provided in Table 6.1.
INPUT PARAMETER SYMBOL AND UNIT µ σ σ′
Significant wave height Hs[m] 2.50 0.325 0.13
Peak period Tp[s] 8.00 1.6 0.20
Mean water level MWL[m] 7.00 1.05 0.15
Dike height Hd[m] 10.00 0.10 0.01
Crest width Bd[m] 2.00 0.10 0.05
Outer slope m[−] 6.00 0.30 0.05
Inner slope n[−] 3.00 0.15 0.05
Grass cover thickness dg[m] 0.08 0.02 0.25
Initial saturated water front zinf [m] 0.25 0.005 0.20
Hydraulic permeability - grass kinf,g[m/s] 1.30 · 10−7 2.60 · 10−8 0.20
Hydraulic permeability - clay kinf,c[m/s] 5.50 · 10−8 1.10 · 10−8 0.20
Number of cracks on the slope ncracks[−] 40 10 0.25
Mean depth of the cracks amean[m] 0.3 0.06 0.20
Table 6.1: Uncertainties related to the input parameters for the hydrodynamic module (par-
tially taken from D’Eliso, 2007 and Kortenhaus, 2003)
6.2 Sensitivity analysis
The variability of the input parameters influences the results given by the model. In order to
investigate this influence, three types of sensitivity analysis may be applied:
• Level I analysis - only one parameter varies, while the other are kept constant. The tests
are performed five times, and if necessary, i.e. if the outputs of variations are significant,
the number of tests is increased. On the basis of the Level I analysis results, the sets of
parameters for the Level II analysis are selected.
• Level II analysis - a set of parameters varies, according to their assumed distribution,
while, as in the case of Level I analysis, all other parameters are kept constant.
• Level III analysis - all parameters vary in the simulation and all possible combinations
are taken into account. Due to the significant computational effort, this type of analysis
will not be applied for the model system.
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For the purposes of the present study only Level I analysis is performed, since the influence
of variation of all parameters will be investigated during the reliability analysis (Section 6.3).
During the analysis the influence of the variations of a single parameter on the variations in the
model outputs is investigated. The leading parameters for each phase together with the related
phases and investigated range of variation are listed in Table 6.2. For each parameter given in
Table 6.2 five tests are performed. The considered parameter varies in the given range, while
all the other parameters are kept constant.
Description Symbol Unit µ σ Phase
Root Volume Ratio A [−] 2.65 0.265 GE
Grass cover factor Cf [−] 0.75 0.1 GE
Damping coefficient w [−] 2.5 0.5 GE
Initial infiltration front zinf [m] 0.25 0.05 GE
Initial water content θi [m3/m3] 0.2 0.05 GE,CE
Saturated water content θs [m3/m3] 0.42 0.02 GE,CE
Clay percentage c% [−] 30 7.5 GE,CE
Minimal depth of cracks dc,min [m] 0.15 0.05 CE
Maximal depth of cracks dc,max [m] 0.4 0.1 CE
Sediment size D50 [mm] 0.2 0.02 SE
Sand density ρs [kg/m3] 1800 60 SE
Internal friction angle φs [0] 30 2 SE
Breach growth ratio Kvl [−] 0.03 0.006 SE
GE - grass erosion, CE - clay erosion, SE - sand erosion
Table 6.2: Input parameters for the Level I analysis
6.2.1 Grass erosion time
In the preliminary model the grass erosion coefficient Eg is the leading parameter, while in
the detailed model four key parameters were identified: Root Volume Ratio (RVR), damping
coefficient w, grass cover factor Cf and saturated water content θs.
6.2.1.1 Preliminary model
Only one key parameter, i.e. grass erosion coefficient Eg is identified during the grass erosion
phase simulated by the preliminary model (Fig. 6.1).
In the typical range (Eg = 1.5 ·10−6−2.2 ·10−6) the grass erosion time tg increases linearly as
the erosion coefficient Eg decreases and this increase rate becomes larger when Eg becomes
smaller than 1.2 · 10−6.
6.2.1.2 Detailed model
Time of grass erosion tg is influenced by the parameters of clay and reinforcement properties
of the grass cover. Figures 6.2 - 6.8 show the effect of the key parameters on the grass erosion
time. The root volume ratio RVR and the damping coefficient w are the leading parameters
that describe the grass erosion due to impact pressures . Already a small increase of the root
network density can significantly increase the time of grass erosion (Fig. 6.2) and a similar in-
crease can also be observed during the analysis of the influence of the changes of the damping
coefficient w on the model outputs (Fig. 6.3).
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Figure 6.1: Influence of the grass erosion coefficient Eg on the time of grass erosion
Figure 6.2: Influence of the root volume ratio RVR on the grass erosion time
Figure 6.3: Influence of the damping coefficient w on the grass erosion time
Typically, the root volume ratio RV R is in the range RV R = 2÷3%, the damping coefficient
w takes the value w = 2.5 ÷ 3.5[−], the Cf factor is typically equal Cf = 0.7 ÷ 0.9[−] and
the clay content in the subsoil typically varies in the range c% = 20÷ 40[%]
The grass cover factor Cf and the clay content in the subsoil are identified as the key parame-
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ters describing the erosion due to the wave run-up and run-down flow. The influence of the Cf
on the grass erosion time is given in Fig.6.4. The grass erosion time increases together with
the increase of the grass cover factor Cf , but this increase is rather linear, especially when
compared to the exponential increase of the RVR as given in Fig. 6.2. This confirms that the
erosion due to the impact pressures dominates the grass erosion phase. The influence of the
clay content on the subsoil seems to be negligibly small (Fig. 6.5).
Figure 6.4: Influence of the grass cover factor Cf on the grass failure time
Figure 6.5: Influence of the clay percentage in the substrate soil c% on the grass erosion time
Furthermore, the performed analysis the parameters describing water conditions in the soil,
and thus also the erosion properties of the subsoil were considered. The effect of the initial
infiltration front zinf (Fig. 6.6) and that of the initial volumetric water content θi (Fig. 6.7)
are relatively small. Theses negligibly small effects are mainly due to the high infiltration rate
of the vegetated cover. The water content in the grass cover rapidly increases, and reaches in
very short time the saturated state resulting in a very high effect of the saturated water content
θs (Fig. 6.8).
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Figure 6.6: Influence of the initial infiltration front zinf on the grass erosion time
Figure 6.7: Influence of the initial volumetric water content θi on the grass erosion time
Figure 6.8: Influence of the saturated volumetric water content θs on the grass erosion time
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6.2.2 Clay erosion time
During the simulation of clay erosion with the preliminary model only one key parameter, i.e.
clay erosion coefficient Ec, was identified. In the detailed model, the results are affected by
the following key parameters: clay percentage in the soil (c%), initial infiltration front (zinf ),
initial (θi) and saturated (θs) water content as well as dimensions of cracks in the clay layer.
For the purposes of the sensitivity analysis, the random cracks are generated within a range
that is defined by the minimal and maximal allowable crack depth.
6.2.2.1 Preliminary model
The clay erosion phase is governed by only one parameter, i.e. clay erosion coefficient Ec.
The observed relationship between the clay erosion time and Ec is almost linear (Fig. 6.9).
Figure 6.9: Influence of the clay erosion coefficient Ec on the clay erosion time
6.2.2.2 Detailed model
The tests were performed five times for each of the parameters listed in Table 6.2. During all
tests, one of the selected parameters varies in the given range, while all others take their mean
value and are kept constant. The results of the simulations are presented in Figs. 6.10 - 6.15.
Figure 6.10: Influence of the clay percentage in the substrate soil c% on the clay erosion time
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The influence of clay percentage c% in the soil and the initial infiltration front on the erosion
time (Figure 6.10 and Figure 6.11, respectively) is relatively small. The time of clay erosion
is however very sensitive to the changes in both the initial (Fig.6.12) and saturated (Fig.6.13)
volumetric water content. This results from the fact, that the erodibility coefficient of the clay
depends nonlinearly on the changes on the water content wc in the soil (Eq. 5.44) and even
small changes in the water content wc may cause significant increase or decrease in the soil
erosion resistance. Furthermore, since soil cohesion is an exponential function of the water
content, possible cracks in the clay layer are more susceptible to be subject to shear failure
together with the increase of water content.
Figure 6.11: Influence of the initial infiltration front zinf on the clay erosion time
Figure 6.12: Influence of the initial volumetric water content θi on the clay erosion time
125
Figure 6.13: Influence of the saturated volumetric water content θs on the clay erosion time
The variation in the depth of the cracks, especially the minimal crack depth (Fig. 6.14) influ-
ences significantly the clay cover failure time since the presence of cracks in the clay layer
strongly increase the soil permeability which leads to the increase of the water content. This
will decrease the clay erodibility coefficient, and thus the clay erosion time.
Figure 6.14: Influence of the minimal depth of cracks on the clay erosion time
Figure 6.15: Influence of the maximal depth of crack on the clay erosion time
Furthermore, a rapid local erosion may occur, when a water-filled crack is subject to impact
pressure and since the condition for the shear failure in cracks to occur is a function of the
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crack depth (Eq. 4.9), the clay erosion time decreases as the crack depth increases (Fig. 6.14
and Fig. 6.15). This effect is especially observed in the case of the minimal depth of crack.
6.2.3 Core erosion and wash-out time
The key parameters during the erosion and wash-out of the sand core in both the preliminary
and the detailed models are the median grain size D50 and the breach growth ratio Kvl. The
influence of those parameters on the peak outflow discharge and time of sand core erosion
was investigated.
Figure 6.16: Influence of the grain size on the sand core erosion time
Figure 6.17: Influence of the grain size on the peak outflow discharge
The performed tests show that the influence of the grain size D50 on both core erosion time
(Fig. 6.16) and peak outflow discharge (Fig. 6.17) is relatively small. Higher grain sizes re-
sult in both longer time of sand core erosion and smaller peak outflow discharge. It has to
emphasized that although the same flow and sediment transport models were applied in the
preliminary and detailed models, due to different definition of the sand erosion phases and
additional transition phases between (i) clay and sand core erosion and (ii) between erosion of
the front-face of the sand core and erosion due to the overflow, the times provided by the pre-
liminary and detailed model cannot be directly compared. However, almost no differences in
the peak outflow discharges predicted by the preliminary and detailed models were observed.
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The effect of the breach growth ratio Kvl on the results provided by the detailed model was
also investigated (Figs. 6.18 - 6.20).
Figure 6.18: Influence of the breach growth coefficient on the core erosion and wash-out time
Figure 6.19: Influence of the breach growth coefficient on the peak outflow discharge
Figure 6.20: Influence of the breach growth coefficient on the final breach width
It can be observed that the the breach growth coefficient strongly influences all the investigated
model outputs. This effect, together with very limited information on the measured values of
the Kvl - coefficient ephasises the need for further researches on this topic.
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6.3 Reliability analysis
The system reliability describes the ability of this system to operate without failure in a
given period of time. Generally, the reliability of a system is calculated as a function of the
probability of failure which in turn is the outcome of the reliability analysis. Similarly as in
the case of the sensitivity analysis, three levels of reliability analysis can be distinguished (see
also D’Eliso, 2007):
• Level I analysis - deterministic model outcomes are multiplied by a safety factor
• Level II analysis - the influence of the uncertain parameters on the model output is given
by indices
• Level III analysis - full probability density function of the model outcomes is obtained
either by numerical solutions or by means of sampling techniques.
Level III reliability analysis provides the best results, and since it is very time consuming
sampling techniques are used. The Monte Carlo method is one of the most common sampling
method, where (i) the most uncertain input parameters together with the respective probability
density functions are identified, (ii) the number of realisations (N ) is selected and (iii) the
model is run N times, each time with the input parameters randomly extracted according to
their probability density functions. The results given by each realisation are stored and after
all realisations are performed the histograms are plotted. For the simulation of dike breaching
the following key outputs are selected:
• time of grass erosion tg;
• time of clay erosion tc;
• total time of breaching tb;
• final breach width Bb;
• peak outflow discharge Qp;
The simulation is performed for both preliminary and detailed model. The most uncertain
parameters together with their mean values and standard deviations are given in Table 6.3.
All the parameters are assumed to be normally distributed. For each model N=10000 realisa-
tions are performed.
6.3.1 Results of the analysis
Although the input parameters are assumed normally distributed, due to the nonlinearity of
equations implemented in both preliminary and detailed model, the probability density func-
tions of all outcomes are asymmetric with clearly wider right tail. Generally, the preliminary
model provides more conservative results, as intended. Table 6.4 provides the mean values
(µ), standard deviations (σ) and coefficients of variation (σ′) provided by the preliminary and
detailed model. It should be however emphasized, that the times of clay failure given by the
preliminary and detailed model cannot be compared directly, as the models are differently
sub-divided, with two additional transition phases included in the detailed model.
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INPUT PARAMETER SYMBOL AND UNIT MEAN σ σ′
Mean root volume ratio RV R[−] 0.55 0.41 0.74
Root reinforcement coefficient b[−] 5.00 1.20 0.24
Grass cover factor Cf [−] 0.75 0.1 0.13
Critical grass erosion depth dcrit[m] 0.08 0.02 0.25
Damping coefficient w[−] 2.5 0.5 0.20
Saturated water content θs[m3/m3] 0.42 0.06 0.15
Clay percentage c%[−] 30.00 7.50 0.25
Internal friction angle φ[0] 32.00 3.20 0.10
Sediment size D50[mm] 0.20 0.02 0.1
Internal friction angle φ[0] 32.00 3.20 0.10
Soil porosity n[−] 0.40 0.112 0.28
Initial breach channel width Bini[n · rh] 2.00 0.5 0.25
Breach growth coefficient Kvl[−] 0.03 0.006 0.2
SBeach coefficient K[m4/N ] 1.4·104 0.4 ·104 0.28
Table 6.3: Uncertainties related to the input parameters for the morphodynamic module (par-
tially after D’Eliso, 2007 and Kortenhaus, 2003)
Preliminary model Detailed model
Outcome µ σ σ′ µ σ σ′
Grass erosion time [h] 13.61 10.08 0.74 28.57 20.68 0.72
Clay erosion time [h] 11.06 9.04 0.81 4.12 1.55 0.37
Core failure time [h] 11.96 11.67 0.98 5.87 0.82 0.14
Total breaching time [h] 36.54 21.60 0.59 38.53 21.68 0.56
Peak outflow discharge [m3/s] 1287 378 0.29 1241 179 0.15
Final breach width [m] 81.22 21.4 0.26 63.19 12.49 0.20
Table 6.4: Main outcomes from the Monte Carlo simulation
The mean time of grass erosion (Fig. 6.21) - is much longer in the detailed model (µ =
28.57h) when compared to the results given by the preliminary model (µ = 13.61h). This
difference occurred most probably due to a new model for the calculation of the grass root
reinforcement and grass erosion resistance that was applied in the detailed model.
a) preliminary model b)detailed model
Figure 6.21: Monte Carlo simulation results for the time of grass erosion
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The coefficients of variation are however very similar (σ′ = 0.74 for the preliminary model
and σ′ = 0.72 for the detailed one) indicating a similar relative level of the uncertainties of
model outputs.The uncertainties of the outputs given by the detailed model however are related
rather to the input parameters than to the model parameters and the detailed model itself is
considered to be more reliable. The mean values of the clay erosion time (Fig. 6.22) - obtained
from the preliminary and the detailed model cannot be directly compared, as a different phase
subdivision is used. In the detailed model the transition phases between (i) grass and clay and
(ii) clay and sand erosion are included. However, even assuming that the transition phases
between clay and sand erosion are included in the clay erosion time, in the detailed model
(µ = 4.12h) it is still significantly shorter than in the preliminary model (µ = 11.06h). The
most probable reason might be the cracks in the clay layer. In the preliminary model they were
fully neglected, while their presence and the calculation of possible shear failure due to impact
pressures are implemented in the detailed model. In fact, the dominant role of the cracks on
the clay erosion was already observed during the laboratory tests described in Section 4.2.
Moreover, the prediction of the clay cover erosion time given by the detailed model is subject
to relatively smaller uncertainties (σ′ = 0.37 as compared with σ′ = 0.81 for the preliminary
model).
a) preliminary model b)detailed model
Figure 6.22: Monte Carlo simulation results for the time of clay erosion
a) preliminary model b)detailed model
Figure 6.23: Monte Carlo simulation results for the time of the full breaching
The mean total breaching times (Fig. 6.23) obtained from the preliminary and detailed model
are comparable (µ = 36.54h for the preliminary model and µ = 38.53h for the detailed
model). The standard deviation and consequently the coefficient of variation that are observed
in the case of the detailed model (σ′ = 0.56) indicate that it is subject to slightly smaller
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uncertainties, compared with σ′ = 0.59 for the preliminary model. However, the levels of the
uncertainties indicated by both models are similar, which suggest that rather the variations in
the input parameters, than the model formulation have the most important effect on the overall
model performance.
The application of the alternative volume-averaged approach for the calculation of the growth
of the breach channel results in the reduction of the uncertainties related to the final breach
width (Fig. 6.24) and peak outflow discharge (Fig. 6.25). The following differences are ob-
served: reduction of the coefficient of variation σ′ for the final breach width from σ′ = 0.26
obtained from the preliminary model to σ′ = 0.20 from the detailed model. In the case of the
peak outflow discharge the coefficient of variation is reduced from σ′ = 0.29 to σ′ = 0.15.
The second reason of this improvement is the better prediction of the boundary conditions for
the overflow simulation. In the preliminary model they were assumed (with a given range of
variation), while in the detailed model they are directly calculated, including the changes of
the inner slope profile due to the erosion which results from wave overtopping.
a) preliminary model b) detailed model
Figure 6.24: Monte Carlo simulation results for the final breach width
a) preliminary model b)detailed model
Figure 6.25: Monte Carlo simulation results for the peak outflow discharge
The following can be stated from the results of the uncertainty analysis for both preliminary
and detailed model using Monte Carlo simulation (Table 6.4):
• Although the predicted time of grass erosion is significantly shorter in the preliminary
model, the uncertainties are in fact the same for both preliminary and detailed model
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and occur rather due to the values of the input parameters and related uncertainties than
due to the model formulation;
• a sustainable reduction of the coefficient of variation σ′ related to the clay erosion time
was achieved in the detailed model. The transition phase between clay and sand ero-
sion is driven not only by relatively uncertain clay properties, but also by quite certain
properties of the sand, which results in the overall reduction of the input parameter
uncertainties for this phase;
• the application of the volume-averaged approach for the calculation of the breach chan-
nel growth resulted in a reduction of coefficient of variation σ′ which is observed in the
case of peak outflow discharge and final breach width
The model outcomes given by both preliminary and detailed model are affected mostly by the
uncertainties related to the material properties of the dike revetment, i.e. grass and clay covers.
Therefore, a significant reduction of the uncertainties related to the dike breaching model can
be achieved only if more specific information on the properties of grass and clay is available.
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7 Summary, conclusions and
recommendations
In this study the process of dike breaching initiated from the seaside by breaking wave impact
was investigated both experimentally and theoretically. The main objective was to develop a
model system that applies to a typical sea dike made of sandy core that is protected by clay
cover with grass.
7.1 Summary of key results
A tiered and modular approach was pursued. The complete computational model system con-
tains of a preliminary simplified model and more process-oriented detailed model. Figure 7.1
provides an overview of the performed research tasks.
Figure 7.1: Overview of the undertaken work
The preliminary model is essentially based on a combination of existing models for the cal-
culation of breaking wave induced loads and further models for the residual strength of the
dike cover. Since all the existing models are only capable to simulate the cover failure, em-
pirical models for dune erosion, including erosion due to overflow, were adopted in order
to develop the complete preliminary model. The development of the preliminary model re-
vealed knowledge gaps for the physical processes related to surface erosion of clay and to the
reinforcement properties of a grass cover, so that a series of laboratory experiments were
performed to close those gaps. The erosion resistance of a clay cover with and without vege-
tation as well as the shear failure in water-filled cracks in clay cover were investigated using a
wave impact simulator. Furthermore, the models for the root distribution underneath the soil
surface and for the estimation of the influence of the grass roots on the soil erosion resistance
and shear strength were proposed.
The results of the performed laboratory investigations together with a numerical model for the
simulation of breaking wave impact on the slope form the basis of the detailed model. The
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detailed model includes also processes that were neglected in the preliminary model, espe-
cially concerning the water infiltration into the dike, and the revetment stability. Furthermore,
based on the observations made during the small-scale tests in the wave flume, an additional
transition phase was included and the erosion of the inner slope due to wave overtopping and
combined flow was accounted for. Table 7.2 provides an overview on the processes included
in the available models for dike breaching initiated by the breaking wave impact and in the
developed preliminary and detailed models.
PROCESS AM PM DM ACHIEVEMENTS
Breaking wave impact Y Y Y Empirical (PM) and
main cause of breaching numerical (DM) approach
Combined flow N N I Simple wave-averaged models
determines inner slope erosion adopted
Overflow N I I Steady nonuniform flow
determines breach channel erosion through the breach channel
Infiltration N N I Simplified infiltration models
influences soil erosion resistance adopted
Grass erosion Y Y Y Simplified models for the
determines breach initiation residual strength adopted (PM),
new models developed (DM)
Clay erosion Y Y Y Simplified models for the
determines breach formation residual strength adopted (PM),
new models developed (DM)
Shear failure in cracks N N I Existing model experimentally
influences breach formation verified and improved
Root reinforcement model N N I Existing model experimentally
improves of the soil strength verified and enhanced
Sand core erosion Y Y Y Empirical model for dunes
breach development (PM) or numerical model for
beaches (DM) adopted
Inner slope erosion N N I Excess shear approach
induced by combined flow
Breach widening and deepening N I I Equilibrium sediment transport
induced by overflow simple morphodynamic model
AM - available models , PM - preliminary model, DM - detailed model
N - neglected, Y - included
I - neglected in available models, but represents and innovation of the models developed
in this study
Table 7.1: Summary of processes included in the model system
Final model validation requires specific data that contains not only information of the times
associated with breaching but also detailed data on the outflow discharge and breaching
progress. Generally, the detailed information on the historical dike breaching initiated from
the seaside which would allow for the model validation is not available. The description of
breaching time, progress of erosion as well as the breach widening and deepening rate are
usually not only very rare, but also reported by accidental eye witnesses and therefore rather
very roughly estimated than measured. Although some pictures of the full breaches are avail-
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able, the shape and final breach dimensions are also estimated and the detailed measurements
are lacking. Nevertheless, the application of the model to reproduce experienced dike failures
shows satisfactory results, especially concerning the times associated with breaching.
OUTCOME AM PM DM
µ σ′ µ σ′ µ σ′
Grass erosion time tg [h] ≈ 17 NA 13.61 0.74 28.57 0.72
Clay erosion time tc [h] ≈ 16 NA 11.06 0.81 4.12 0.37
Sand core erosion time ts [h] NA NA 11.96 0.98 5.84 0.45
Total breaching time tt [h] NA NA 36.54 0.59 38.53 0.56
Peak outflow discharge NA NA 1287 0.29 1241 0.15
Qpeak [m3/s]
Final breach width Bb [m] NA NA 81.22 0.26 63.19 0.20
NA - not available or, available but not comparable
Table 7.2: Summary of processes included in the model system
Probability density functions of both models obtained using Monte Carlo simulation are sub-
ject to significant uncertainties, especially in the case of the preliminary model. Generally,
the uncertainties related to the final breach width (σ′ = 0.26 for the preliminary model and
σ′ = 0.15 for the detailed model) and peak outflow discharge (σ′ = 0.29 and σ′ = 0.20 for
the preliminary and detailed model, respectively) are smaller than the uncertainties related to
the calculated times of particular breaching phases. The latter are in the range from σ′ = 0.37
that was obtained from the detailed model for the clay erosion time up to σ′ = 0.98 in the case
of sand core erosion time calculated by the preliminary model. It has to be stressed, that the
uncertainty analysis applied to the model system suggests that rather the material properties
than the model parameters influence the uncertainties of the model outcomes so that further
improvements of the model should be concentrated on the more reliable estimation of the
input material parameters.
7.2 Applicability of the results and future research
The developed model system may be used either in the engineering practice or as a basis for
a future research work. In engineering practice, the model system can be applied to provide
the initial conditions at the breach that are needed to simulate the flood wave propagation.
Furthermore, the warning time tw is an important input parameter for the emergency man-
agement and damage mitigation in the flood-prone area. For this purpose the model system
can also be applied for preliminary calculations of the breaching time. It should be however
emphasized, that due to the lack of a final model validation a practical application should be
always performed with caution and the uncertainties have to be necessarily quantified. The
model outcomes, especially concerning the uncertainty analysis may provide further indica-
tions on the direction of further detailed investigation. Among the identified problems and
issues related to further research, the most important can be summarized as follows:
• Understanding of physical processes:
Although a number of laboratory experiments were performed in this study to under-
stand the processes associated with breach initiation, only limited types of clay and grass
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were tested. More detailed experimental investigations with different types of grass and
soil are therefore needed to better understand the interaction between grass and subsoil.
The cracks and fissures in the clay cover were identified as crucial points on the slope, so
a reliable prediction of their occurrence, location and dimensions is also required. The
processes of sediment transport under breaching conditions have also to be better under-
stood. Among the most urgent problems that have to be solved is a three-dimensional
description of all relevant processes or, alternatively the understanding of relationship
between vertical and lateral erosion that would allow one to reduce the entire morpho-
dynamic to a two-dimensional problem. Although some small-scale experiments in a
wave-flume have been recently performed (Tuan, 2007, Hunt et al, 2005) their results
are not clear enough to be used in the model for sea dike breaching.
• Improvements toward a fully process-oriented model
The proposed model system can be considered as the basis for future developments
towards a completely process-oriented model. The suggested improvements should re-
fer to:
– three-dimensional modeling of wave impact on the slope and flow through the
breach channel, possibly with a VOF model,
– FEM for the simulation of water infiltration,
– detailed description of clay erosion, reinforcement properties of grass roots and
interaction between grass and subsoil,
– detailed description of the relationship between breach widening and deepening
and the changes of this relationship dependant on the time
Such a model system should be combined with other models for dike breaching due to
other reasons, including wave overtopping (D’Eliso, 2007) or seepage.
• Final model validation
Detailed field tests and laboratory experiments, if possible at or near prototype scale
are needed in order to provide appropriate data for the final validation of the model
system. The provided data should necessarily include loading parameters, times associ-
ated with the various breaching phases, definition of transition between phases, outflow
hydrograph and final breach dimensions.
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